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SUMMARY	  
Neosporosis	  is	  a	  disease	  of	  worldwide	  distribution	  resulting	  from	  infection	  by	  the	  obligate	  intracellular	  apicomplexan	  protozoan	  parasite	  Neospora	  caninum,	  which	  is	  a	  major	  cause	  of	  infectious	  bovine	  abortion	  and	  a	  significant	  economic	  burden	  to	  the	  cattle	  industry.	  Definitive	  hosts	  are	  canid	  and	  an	  extensive	  range	  of	  identified	  susceptible	  intermediate	  hosts	  now	  includes	  native	  Australian	  species.	  Pilot	  experiments	  demonstrated	  the	  high	  disease	  susceptibility	  and	  the	  unexpected	  observation	  of	  rapid	  and	  prolific	  cyst	  formation	  in	  the	  fat-­‐tailed	  dunnart	  (Sminthopsis	  crassicaudata)	  following	  inoculation	  with	  N.	  caninum.	  These	  findings	  contrast	  those	  in	  the	  immunocompetent	  rodent	  models	  and	  have	  enormous	  implications	  for	  the	  role	  of	  the	  dunnart	  as	  an	  animal	  model	  to	  study	  the	  molecular	  host-­‐parasite	  interactions	  contributing	  to	  cyst	  formation.	  An	  immunohistochemical	  investigation	  of	  the	  dunnart	  host	  cellular	  response	  to	  inoculation	  with	  N.	  caninum	  was	  undertaken	  to	  determine	  if	  a	  detectable	  alteration	  contributes	  to	  cyst	  formation,	  compared	  with	  the	  eutherian	  models.	  Selective	  cell	  labelling	  was	  observed	  using	  novel	  antibodies	  developed	  against	  Tasmanian	  devil	  proteins	  (CD4,	  CD8,	  IgG	  and	  IgM)	  as	  well	  as	  appropriate	  labelling	  with	  additional	  antibodies	  targeting	  T	  cells	  (CD3),	  B	  cells	  (CD79b,	  PAX5),	  granulocytes,	  and	  the	  monocyte-­‐macrophage	  family	  (MAC387).	  Toluidine	  blue	  labelling	  of	  mast	  cells	  complemented	  results.	  Effective	  labelling	  was	  not	  obtained	  with	  CD79a,	  interleukin-­‐4,	  interferon-­‐γ,	  or	  MHCII	  antibodies.	  Descriptions	  of	  pathology	  such	  as	  the	  site	  and	  extent	  of	  tissue	  necrosis	  in	  S.	  
crassicaudata	  resemble	  those	  reported	  in	  immunocompromised	  rodent	  models.	  The	  exception	  is	  the	  lack	  of	  major	  involvement	  of	  the	  brain	  and	  associated	  neurological	  signs.	  Immunohistopathologic	  findings	  suggest	  the	  dunnart	  host	  cell	  response	  resembles	  that	  described	  in	  eutherians	  –	  strongly	  neutrophilic	  with	  fewer	  macrophages	  focused	  on	  sites	  of	  tissue	  necrosis,	  with	  a	  predominantly	  T	  cell	  nature	  to	  any	  lymphoid	  response	  inclusive	  of	  CD4	  positive	  T	  helper	  cells.	  Intracellular	  parasite	  replication	  is	  frequently	  observed	  in	  the	  absence	  of	  a	  detectable	  host	  cellular	  response.	  More	  sensitive	  alternative	  techniques	  such	  as	  real	  time	  polymerase	  chain	  reaction	  using	  effective	  cytokine	  labelling	  is	  recommended	  to	  further	  define	  the	  host	  response	  to	  neosporosis.	  Active	  surveillance	  of	  disease	  to	  further	  define	  the	  animal	  model	  involved	  collecting	  cadavers	  over	  28	  months	  from	  the	  dunnart	  colony	  maintained	  at	  the	  University	  of	  Sydney.	  An	  additional	  66	  S.	  crassicaudata	  and	  S.	  macroura	  animals	  were	  examined.	  Of	  the	  28.3%	  of	  animals	  diagnosed	  with	  a	  disorder	  of	  growth	  (n=15),	  80.0%	  were	  diagnosed	  with	  a	  malignancy	  (n=12),	  and	  the	  most	  frequently	  diagnosed	  neoplasm	  was	  squamous	  cell	  carcinoma.	  Lesions	  were	  seen	  on	  the	  rostral	  mandible	  (2),	  pouch	  (2),	  distal	  limb	  (1),	  and	  tail	  (1)	  and	  five	  of	  six	  of	  these	  tumours	  were	  diagnosed	  in	  S.	  macroura.	  	  The	  single	  squamous	  cell	  carcinoma	  diagnosed	  in	  the	  pouch	  of	  an	  S.	  
crassicaudata	  showed	  a	  distinctive	  verrucous	  growth	  pattern,	  prompting	  consideration	  of	  a	  viral	  causation.	  Immunohistochemical	  investigation	  of	  carcinomatous	  proliferations	  using	  multiple	  bovine	  papillomavirus	  markers	  and	  an	  antibody	  targeting	  the	  p16	  cell	  protein	  found	  no	  supportive	  evidence	  for	  a	  viral	  association.	  Additional	  colony	  pathology	  included	  single	  or	  multicentric	  nodular	  pyogranulomatous	  or	  suppurative	  disease	  (botryomycosis)	  –	  sometimes	  a	  comorbidity	  of	  carcinoma.	  In	  S.	  crassicaudata	  eight	  cases	  of	  gastric	  dilatation	  were	  also	  identified	  –	  with	  and	  without	  trichobezoar	  formation.	  Collection	  and	  examination	  of	  specimens	  from	  the	  colony	  is	  ongoing.	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GENERAL	  INTRODUCTION	  
Neosporosis	  is	  a	  disease	  of	  worldwide	  distribution	  resulting	  from	  infection	  by	  the	  obligate	  intracellular	  apicomplexan	  protozoan	  parasite	  Neospora	  caninum,	  which	  is	  a	  major	  cause	  of	  infectious	  bovine	  abortion	  and	  a	  significant	  economic	  burden	  to	  the	  cattle	  industry.	  Definitive	  hosts	  for	  this	  parasite	  are	  canids,	  including	  wild	  dogs	  such	  as	  the	  dingo,	  and	  intermediate	  hosts	  include	  cattle	  as	  well	  as	  many	  other	  species	  of	  mammals	  and	  birds.	  To	  improve	  our	  understanding	  of	  this	  disease	  considerable	  experimental	  effort	  has	  been	  directed	  towards	  developing	  immunocompetent	  rodent	  models	  of	  disease	  that	  display	  adequate	  cyst	  production.	  Understanding	  the	  pathogenesis	  of	  cyst	  production	  is	  essential	  to	  understanding	  transmission	  of	  this	  disease	  and	  cyst	  production	  is	  typically	  low	  in	  experimental	  mouse	  models.	  Pilot	  experiments	  demonstrated	  the	  novel	  and	  unexpected	  observation	  of	  rapid	  and	  prolific	  cyst	  formation	  in	  the	  fat-­‐tailed	  dunnart	  (S.	  crassicaudata)	  following	  inoculation	  with	  N.	  caninum.	  This	  finding	  has	  enormous	  implications	  for	  the	  role	  of	  the	  dunnart	  as	  a	  potential	  animal	  model	  for	  studying	  the	  molecular	  interactions	  between	  host	  and	  parasite	  contributing	  to	  the	  formation	  of	  cysts.	  A	  greater	  understanding	  of	  the	  host	  factors	  contributing	  to	  cyst	  formation,	  such	  as	  important	  cellular	  and	  cytokine	  components	  of	  the	  immune	  response	  may	  lead	  to	  the	  development	  of	  an	  effective	  vaccination	  to	  prevent	  disease	  transmission.	  Vertical	  transmission	  from	  cow	  to	  foetus	  is	  the	  key	  mechanism	  of	  disease	  transmission	  in	  that	  species	  and	  production	  losses	  within	  herds,	  and	  a	  vaccination	  preventing	  this	  spread	  remains	  a	  major	  goal	  of	  research	  efforts.	  	  	  Prolific	  cyst	  formation	  in	  the	  dunnart	  also	  implies	  the	  potential	  for	  dasyurids	  and	  possibly	  other	  marsupials	  to	  serve	  as	  intermediate	  hosts	  in	  sylvatic	  lifecycles	  of	  naturally	  occurring	  disease.	  In	  addition	  to	  a	  potential	  role	  as	  reservoirs	  of	  disease	  for	  domestic	  species,	  this	  could	  be	  disastrous	  for	  survival	  of	  native	  species	  when	  combined	  with	  the	  existing	  burdens	  of	  expanding	  habitat	  loss	  and	  increasing	  predation	  stress	  from	  introduced	  species.	  This	  is	  particularly	  so	  given	  the	  same	  pilot	  studies	  have	  demonstrated	  S.	  crassicaudata	  to	  be	  highly	  susceptible	  to	  a	  comparatively	  avirulent	  strain	  of	  N.	  caninum.	  	  	  In	  order	  for	  the	  dunnart	  to	  serve	  as	  a	  valid	  experimental	  animal	  model	  for	  the	  study	  of	  the	  pathogenesis	  of	  neosporosis	  it	  is	  necessary	  to	  further	  define	  the	  model.	  The	  first	  step	  in	  this	  process	  entails	  being	  aware	  of	  the	  background	  diseases	  commonly	  encountered	  in	  this	  outbred	  captive	  species,	  and	  identifying	  potential	  causation.	  Despite	  inclusion	  of	  small	  numbers	  of	  dasyurids	  in	  reporting	  from	  native	  animal	  registries	  as	  early	  as	  the	  1960s,	  more	  recent	  rapid	  advances	  in	  genetic	  investigation	  of	  the	  marsupial	  immune	  system,	  and	  maintenance	  of	  multiple	  captive	  bred	  colonies	  of	  dasyurids	  across	  Australia,	  there	  remains	  a	  great	  deal	  to	  be	  learnt	  regarding	  the	  health	  and	  spontaneous	  disease	  of	  the	  dunnart	  and	  marsupials	  in	  general.	  An	  example	  is	  the	  recent	  discovery	  of	  novel	  viruses	  contributing	  to	  carcinomatous	  disease	  in	  the	  bandicoot.	  Coincidentally,	  reporting	  in	  this	  thesis	  of	  pathology	  from	  the	  University	  of	  Sydney	  captive	  bred	  colony	  of	  S.	  crassicaudata	  and	  S.	  macroura	  identified	  carcinomatous	  disease	  in	  multiple	  individuals.	  Not	  only	  was	  there	  a	  need	  to	  investigate	  the	  possibility	  of	  a	  viral	  causation	  for	  a	  disease	  in	  the	  colony,	  but	  also	  more	  importantly	  this	  was	  another	  opportunity	  to	  observe	  the	  host	  response	  to	  disease	  in	  this	  population.	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The	  second	  step	  in	  defining	  an	  animal	  model	  for	  neosporosis	  is	  to	  describe	  in	  detail	  the	  gross	  and	  microscopic	  pathology	  resulting	  from	  disease	  in	  S.	  crassicaudata,	  and	  to	  make	  comparisons	  with	  control	  animals.	  Particular	  emphasis	  should	  be	  placed	  on	  observations	  of	  the	  host	  cellular	  response	  to	  infection,	  as	  a	  starting	  point	  to	  understanding	  the	  immune	  response	  to	  neosporosis	  in	  the	  dunnart.	  Examination	  of	  cell	  types	  using	  histochemically	  stained	  sections	  provides	  some	  detail	  of	  cell	  types,	  although	  additional	  technologies	  such	  as	  immunohistochemical	  labelling	  are	  necessary	  for	  a	  greater	  understanding	  of	  cell	  types.	  	  Consequently,	  through	  necessity	  and	  serendipity	  the	  three	  chapters	  of	  this	  thesis	  evolved	  to	  form	  a	  cohesive	  study	  of	  experimentally	  induced	  and	  spontaneously	  occurring	  disease	  in	  a	  captive-­‐bred	  colony	  of	  dunnarts.	  Chapter	  One	  describes	  the	  pathology	  of	  spontaneously	  occurring	  disease	  in	  the	  captive	  bred	  colony	  of	  dunnarts	  at	  the	  University	  of	  Sydney	  from	  specimens	  collated	  over	  a	  28-­‐month	  period.	  It	  includes	  a	  literature	  review	  of	  diseases	  reported	  in	  the	  dasyurid	  species	  and	  provides	  a	  baseline	  and	  background	  for	  the	  following	  chapter.	  Chapter	  Two	  describes	  the	  immunohistochemical	  characterisation	  of	  the	  host	  cellular	  immune	  response	  following	  inoculation	  with	  N.	  caninum.	  It	  includes	  an	  extensive	  literature	  review	  of	  the	  current	  understanding	  of	  neosporosis	  in	  eutherian	  species,	  of	  the	  host	  response	  to	  this	  disease	  in	  these	  species,	  and	  of	  the	  metatherian	  (marsupial)	  immune	  system	  by	  comparison	  with	  the	  eutherians.	  And	  Chapter	  Three	  is	  an	  immunohistochemical	  investigation	  of	  the	  carcinomatous	  proliferations	  identified	  in	  the	  same	  colony,	  specifically	  aimed	  at	  detection	  of	  an	  association	  with	  a	  papillomavirus	  infection.	  Included	  in	  this	  chapter	  is	  a	  review	  of	  carcinomatous	  disease	  in	  other	  marsupial	  species,	  including	  the	  role	  of	  papillomavirus	  in	  these	  diseases	  and	  their	  impact	  on	  the	  host.	  In	  addition	  to	  investigation	  of	  disease	  and	  host	  response	  in	  dasyurids,	  all	  three	  chapters	  share	  the	  use	  of	  immunohistochemistry	  as	  an	  experimental	  method.	  In	  Chapter	  One	  immunohistochemistry	  is	  used	  to	  investigate	  the	  histogenesis	  of	  various	  disorders	  of	  growth	  and	  to	  define	  aspects	  of	  the	  host	  cellular	  response	  to	  these	  diseases.	  In	  Chapter	  Two	  the	  technique	  is	  used	  to	  label	  cells	  of	  the	  host	  response	  in	  tissues	  infected	  by	  N.	  caninum,	  including	  the	  use	  of	  novel	  antibodies	  developed	  against	  proteins	  from	  another	  dasyurid,	  the	  Tasmanian	  devil.	  And,	  in	  Chapter	  Three	  an	  attempt	  to	  identify	  a	  viral	  aetiology	  of	  disease	  is	  made	  using	  multiple	  antibodies	  targeting	  papillomavirus	  and	  the	  p16	  cell	  protein.	  	  The	  purpose	  of	  this	  thesis	  is	  therefore	  to	  provide	  further	  information	  towards	  elucidating	  the	  pathogenesis	  of	  neosporosis,	  and	  in	  the	  process	  to	  further	  describe	  the	  dunnart	  as	  an	  experimental	  animal	  model.	  In	  future	  the	  dunnart	  may	  provide	  an	  animal	  model	  for	  investigation	  of	  other	  significant	  marsupial	  diseases	  such	  as	  Devil	  Facial	  Tumour	  Disease	  in	  the	  Tasmanian	  devil	  and	  chlamydiosis	  in	  the	  koala.	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CHAPTER	  ONE:	  THE	  PATHOLOGY	  OF	  A	  CAPTIVE-­BRED	  DUNNART	  
COLONY	  (S.	  CRASSICAUDATA	  AND	  S.	  MACROURA)	  
1.1	  LITERATURE	  REVIEW	  –	  DASYURID	  DISEASE	  
1.11	  Introduction	  Dunnarts	  are	  members	  of	  the	  Dasyuridae	  family	  (dasyurids)	  of	  carnivorous	  and	  insectivorous	  marsupials.	  The	  largest	  extant	  dasyurid	  is	  the	  Tasmanian	  devil	  (5-­‐8	  kg).	  To	  date,	  at	  least	  19	  different	  species	  of	  dunnart	  have	  been	  identified	  and	  named,	  each	  having	  a	  slightly	  different	  although	  frequently	  overlapping	  distribution	  throughout	  Australia.1	  Many	  species	  are	  found	  in	  arid	  or	  semiarid	  environments.2	  Of	  the	  two	  commonly	  captive-­‐bred	  species,	  S.	  crassicaudata,	  the	  fat-­‐tailed	  dunnart,	  is	  the	  smaller	  (13-­‐16	  g)	  and	  is	  named	  for	  the	  large	  fat	  reserves	  stored	  in	  the	  proximal	  portion	  of	  its	  tail.	  S.	  macroura,	  the	  stripe-­‐faced	  dunnart,	  is	  larger	  (22-­‐28	  g)	  and	  named	  for	  the	  thick	  dark	  stripe	  of	  hair	  running	  down	  its	  face	  and	  nose.	  In	  the	  wild	  both	  species	  are	  distributed	  west	  of	  the	  Great	  Dividing	  Range	  and	  individually	  show	  adaptation	  to	  exist	  in	  environments	  that	  range	  from	  stony,	  clay	  and	  loam	  desert	  soils	  to	  grasslands.	  S.	  crassicaudata	  range	  generally	  in	  the	  southern	  two	  thirds	  of	  mainland	  Australia	  and	  S.	  macroura	  the	  northern	  two	  thirds,	  with	  species	  overlap	  in	  central	  Australia.3-­‐5	  Their	  indigenous	  predators	  include	  owls,	  dingoes	  and	  snakes;	  introduced	  predator	  species	  include	  cats	  (Felis	  catus)	  and	  foxes	  (Vulpes	  vulpes),	  the	  latter	  being	  less	  of	  a	  threat	  provided	  carrion	  is	  readily	  available.6	  
1.12	  Animal	  anatomy	  and	  biology	  
Anatomy	  and	  physiology	  Dunnarts	  are	  relatively	  generalist	  terrestrial	  insectivores,	  and	  their	  general	  morphology	  reflects	  these	  characteristics.	  They	  have	  a	  long	  face	  and	  polyprotodont	  dentition	  –	  4	  pairs	  of	  upper	  and	  3	  pairs	  of	  lower	  incisor	  teeth,	  a	  single	  pair	  each	  of	  upper	  and	  lower	  canines,	  2	  or	  3	  pairs	  of	  premolars,	  and	  4	  pairs	  of	  upper	  and	  lower	  molars	  with	  well-­‐developed	  cusps.	  They	  have	  4	  separately	  developed	  toes	  on	  their	  hind	  feet	  and	  5	  on	  the	  forefeet.	  The	  pouch	  is	  well	  developed.	  The	  digestive	  tract	  in	  the	  dunnart	  is	  comparatively	  short	  and	  simple,	  consisting	  of	  a	  unilocular	  stomach,	  and	  short	  small	  and	  large	  intestines	  of	  relatively	  uniform	  diameter.	  The	  lack	  of	  any	  specialization	  or	  diverticula	  such	  as	  a	  hindgut	  caecum	  is	  consistent	  with	  consumption	  of	  a	  highly	  digestible	  insectivorous	  diet,	  that	  is	  high	  in	  protein,	  water,	  vitamins	  and	  minerals,	  and	  low	  in	  carbohydrate.7	  Brunner’s	  glands	  form	  a	  thick	  collar	  around	  the	  proximal	  small	  intestine	  immediately	  adjacent	  the	  pylorus.	  The	  pancreas	  resembles	  that	  of	  other	  mammalian	  species	  –	  a	  lobular	  arrangement	  of	  exocrine	  tissue	  with	  scattered	  endocrine	  aggregations.	  A	  complex	  glandular	  pattern	  is	  present	  in	  the	  ampullary	  region	  of	  the	  bile	  duct.8	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Dunnarts	  also	  have	  relatively	  large	  eyes	  with	  trichromacy	  (3	  separate	  cone	  visual	  pigments)	  and	  large	  ears	  –	  adaptations	  to	  their	  nocturnal	  nature	  and	  refined	  hunting	  ability.7	  While	  S.	  crassicaudata	  is	  named	  for	  its	  obvious	  caudal	  fat	  storage,	  other	  desert	  dwelling	  dunnart	  species	  including	  S.	  macroura	  also	  store	  fat	  in	  this	  location.	  Additional	  anatomical	  peculiarities	  of	  S.	  crassicaudata	  include	  evacuated	  palates	  and	  specific	  molar	  cusp	  patterns,	  the	  evolutionary	  benefits	  of	  which	  are	  unreported.	  	  Dunnarts,	  like	  other	  marsupials,	  have	  a	  single	  urogenital	  sinus	  and	  circumanal	  glandular	  tissue	  –	  the	  latter	  likely	  used	  for	  scent	  marking	  of	  territory.	  Periaural,	  interdigital,	  sternal,	  paracloacal	  and	  labial	  glands	  used	  for	  the	  same	  purpose	  are	  present	  in	  other	  dasyurid	  species,	  although	  in	  dunnarts	  these	  other	  scent	  marking	  glands	  are	  less	  developed.7	  Urine	  can	  be	  excreted	  at	  moderately	  high	  osmolarities	  (up	  to	  4000	  mosmol/L),	  likely	  a	  response	  to	  a	  high	  protein	  diet	  and	  an	  adaptation	  to	  surviving	  in	  arid	  environments.	  They	  show	  a	  high	  rate	  of	  water	  turnover	  consistent	  with	  70-­‐80%	  free	  water	  within	  their	  diet.	  Dasyurids	  do	  not	  sweat	  and	  are	  reliant	  on	  licking	  and	  panting	  to	  increase	  evaporate	  cooling.7	  The	  female	  reproductive	  system	  consists	  of	  a	  duplex	  uterus	  and	  a	  vaginal	  complex.	  Ureters	  pass	  between	  lateral	  vaginal	  canals,	  which	  permit	  storage	  for	  spermatozoa	  and	  are	  avoided	  by	  the	  foetus	  at	  parturition.	  Ovaries	  lay	  on	  the	  dorsal	  surface	  of	  the	  uterus.	  Males	  have	  a	  large	  segmented	  prostate	  gland	  that	  surrounds	  the	  urethra	  and	  2	  pairs	  of	  bulbourethral	  glands.	  They	  have	  an	  external	  pendulous	  scrotum	  and	  a	  retractable	  penis.	  Dasyurid	  spermatozoa	  are	  relatively	  large	  compared	  to	  other	  mammalian	  species	  –	  with	  a	  wedge-­‐shaped	  head	  and	  laterally	  flattened	  flagellum.	  The	  biological	  and	  anatomical	  characteristics	  of	  S.	  crassicaudata	  and	  S.	  macroura	  are	  summarised	  in	  Table	  1.1,	  although	  it	  is	  notable	  that	  figures	  vary	  slightly	  depending	  on	  the	  source	  of	  the	  data.3,7,11-­‐15	  	  	  
Metabolism	  The	  standard	  metabolic	  rate	  of	  dunnarts	  and	  other	  dasyurids	  has	  previously	  been	  reported	  as	  approximately	  50-­‐70%	  that	  of	  an	  equivalent	  sized	  carnivorous	  eutherian	  species,	  with	  a	  greater	  capacity	  to	  alter	  metabolic	  rate	  and	  to	  optimise	  body	  temperature	  when	  exposed	  to	  cold	  environments.7	  However,	  these	  data	  remain	  controversial	  due	  to	  difficulties	  with	  accurate	  measurement.12	  Many	  dasyurids	  use	  daily	  torpor,	  which	  is	  the	  controlled	  reduction	  in	  body	  temperature	  and	  metabolic	  rate	  leading	  to	  a	  reduction	  in	  daily	  energy	  requirements.	  It	  is	  a	  physiological	  adaptation	  used	  by	  dunnarts	  and	  other	  dasyurids	  to	  survive	  environmental	  challenges	  such	  as	  cold	  temperatures	  and	  reduced	  or	  unpredictable	  food	  availability.16,17	  S.	  crassicaudata	  has	  been	  shown	  experimentally	  to	  increase	  the	  length	  and	  frequency	  of	  torpor	  in	  response	  to	  increased	  variability	  in	  food	  availability	  compared	  with	  ad	  libitum	  feeding.17	  Dunnarts	  can	  also	  use	  torpor	  during	  pregnancy	  as	  a	  mechanism	  of	  energy	  conservation	  in	  preparation	  for	  lactation.16,18	  When	  entering	  torpor	  dasyurids	  adopt	  a	  particular	  sleeping	  posture,	  reduce	  their	  respiration	  and	  heart	  rates,	  and	  permit	  body	  temperature	  to	  fall.	  Frequency,	  depth	  and	  duration	  of	  torpor	  vary	  between	  species.	  Observations	  of	  torpor	  and	  basking	  behaviour	  in	  free-­‐ranging	  S.	  crassicaudata	  showed	  a	  duration	  of	  approximately	  17	  hours	  with	  some	  shorter	  2	  hour	  periods,	  and	  body	  temperature	  dropping	  as	  low	  as	  14.60C.19	  In	  nature,	  S.	  crassicaudata	  torpor	  duration	  is	  shorter	  and	  basking	  less	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pronounced	  in	  autumn	  than	  in	  winter.	  Basking	  in	  a	  torpid	  animal	  reduces	  the	  energetic	  costs	  necessary	  for	  a	  return	  to	  normothermia.	  Experimentally,	  torpid	  animals	  have	  also	  been	  observed	  to	  actively	  seek	  out	  available	  heat	  sources	  to	  reduce	  the	  energy	  expenditure	  associated	  with	  rewarming.20	  In	  the	  Sydney	  University	  captive-­‐bred	  colony	  individual	  dunnarts	  use	  torpor	  on	  a	  daily	  basis	  during	  the	  non-­‐breeding	  season.16	  	  
Breeding	  and	  reproduction	  In	  common	  with	  other	  marsupial	  species	  gestation	  period	  in	  the	  dunnart	  is	  short	  and	  young	  are	  born	  at	  a	  stage	  of	  comparative	  immaturity	  compared	  with	  eutherian	  mammals.11	  This	  includes,	  for	  instance,	  structurally	  immature	  lungs	  and	  varying	  dependence	  on	  cutaneous	  gas	  exchange	  until	  at	  least	  35	  days	  post	  partum	  in	  S.	  crassicaudata.11	  Young	  migrate	  to	  a	  well-­‐developed	  pouch	  and	  attach	  to	  an	  available	  teat	  from	  which	  they	  do	  not	  voluntarily	  detach	  for	  approximately	  40	  days.	  Teat	  number	  therefore	  determines	  maximum	  litter	  size,	  although	  a	  female	  S.	  crassicaudata	  may	  birth	  more	  offspring	  than	  her	  10	  available	  teats.	  Lactation	  is	  the	  period	  of	  greatest	  energy	  demand	  and	  can	  last	  for	  up	  to	  10	  weeks,	  resulting	  in	  use	  of	  a	  considerable	  amount	  of	  the	  mother’s	  energy	  reserves.	  Observations	  have	  been	  made	  of	  otherwise	  well,	  captive-­‐bred	  animals	  with	  large	  litters	  from	  both	  species	  dying	  towards	  the	  end	  of	  lactation,	  attributable	  to	  exhaustion	  of	  energy	  reserves	  due	  to	  large	  litter	  size	  and	  prolonged	  lactation.12	  Non-­‐complex	  nest	  building	  of	  both	  species	  increases	  after	  the	  birth	  of	  young.	  	  Photoperiod,	  via	  its	  effect	  on	  the	  melatonin	  neuroendocrine	  cascade,	  is	  a	  known	  promoter	  of	  reproductive	  activity	  in	  multiple	  marsupial	  species	  including	  Sminthopsis.16	  But	  while	  the	  dunnart	  is	  a	  seasonal	  breeder	  studies	  in	  S.	  macroura	  show	  it	  does	  not	  have	  a	  ‘torpor	  season’	  distinct	  from	  the	  ‘reproductive	  season’,	  as	  has	  been	  observed	  in	  some	  other	  species.16	  Furthermore,	  there	  is	  some	  blurring	  of	  reproductive	  endocrinological	  control	  of	  these	  physiological	  seasons	  –	  speculated	  to	  be	  due	  to	  the	  unpredictable	  natural	  environment	  in	  which	  these	  animals	  exist.	  In	  general,	  Sminthopsis	  species	  have	  a	  seasonal	  reproductive	  period	  corresponding	  to	  increasing	  day	  length	  –	  from	  the	  winter	  solstice	  until	  a	  few	  weeks	  after	  the	  summer	  solstice.	  	  Dunnarts	  are	  seasonally	  polyoestrous	  and	  will	  continue	  cycling	  within	  the	  breeding	  season	  unless	  pregnant.	  S.	  crassicaudata	  has	  the	  potential	  to	  raise	  two	  litters	  within	  a	  single	  breeding	  season,	  given	  favourable	  environmental	  conditions.	  In	  the	  wild,	  females	  more	  so	  than	  males,	  may	  also	  survive	  to	  breed	  in	  a	  second	  season.	  A	  related	  species	  of	  dasyurid,	  the	  brown	  antechinus	  (Antechinus	  stuartii),	  shows	  complete	  mortality	  of	  the	  male	  population	  at	  the	  end	  of	  the	  breeding	  season.	  Post-­‐mating	  death	  has	  been	  linked	  with	  at	  least	  2	  disease	  states	  –	  hepatic	  necrosis	  associated	  with	  Listeria	  monocytogenes	  infection	  and	  anaemia	  associated	  with	  Babesia	  species	  infection.21	  At	  this	  time	  an	  androgen-­‐related	  increase	  in	  the	  plasma	  concentration	  of	  free	  glucocorticoid,	  via	  reduced	  plasma	  corticosteroid	  binding	  globulin	  concentration,	  is	  linked	  with	  the	  rapid	  involution	  of	  spleen	  and	  lymph	  nodes	  but	  not	  GALT	  in	  male	  marsupial	  mice.	  These	  include	  Antechinus	  stuartii	  and	  Antechinus	  swainsonii.	  A	  similar	  although	  less	  pronounced	  response	  occurs	  in	  females.	  While	  similar	  observations	  have	  not	  been	  made	  in	  the	  dunnart,	  breeding	  season	  is	  nonetheless	  an	  energetically	  expensive	  time	  for	  both	  sexes.16	  During	  this	  time	  marsupials	  have	  also	  been	  shown	  to	  be	  particularly	  sensitive	  to	  stressful	  events,	  which	  may	  manifest	  as	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changes	  to	  the	  immune	  system	  and	  increased	  susceptibility	  to	  disease.22	  The	  corresponding	  period	  of	  decreasing	  day	  length	  is	  associated	  with	  reproductive	  quiescence	  and	  physiological	  emphasis	  on	  building	  up	  body	  reserves	  for	  the	  breeding	  season.	  Surplus	  energy	  intake	  during	  this	  time	  is	  therefore	  directed	  toward	  weight	  gain	  and	  storage	  of	  reserves	  of	  body	  fat.	  
Natural	  diet	  While	  dunnarts	  are	  described	  as	  insectivorous,	  their	  natural	  diet	  may	  include	  small	  vertebrates	  such	  as	  small	  lizards	  and	  juvenile	  mice,	  and	  invertebrates	  such	  as	  locusts,	  moths,	  cockroaches,	  centipedes,	  and	  scorpions.23	  
Clinical	  pathology	  Haematological	  characteristics	  of	  both	  captive-­‐bred	  species	  of	  dunnart	  have	  been	  reported	  by	  Haynes	  et	  
al.	  (1991)	  in	  animals	  maintained	  at	  the	  University	  of	  Adelaide.24	  Notable	  differences	  in	  S.	  crassicaudata	  compared	  with	  values	  from	  other	  marsupial	  species	  were	  lower	  total	  erythrocyte	  and	  leucocyte	  counts,	  haemoglobin	  concentration	  and	  haematocrit.	  The	  percentage	  of	  circulating	  reticulocytes	  (7.92%;	  400-­‐800	  x	  109/L)	  was	  comparatively	  higher	  and	  nucleated	  red	  cells	  were	  rare.	  Sexual	  dimorphism	  was	  noted	  in	  the	  number	  of	  circulating	  neutrophils	  and	  lymphocytes,	  with	  an	  inverse	  relationship	  between	  the	  species.	  Additional	  features	  of	  peripheral	  blood	  common	  to	  both	  species	  were	  annular	  band	  forms	  of	  neutrophils,	  a	  high	  proportion	  of	  hypersegmented	  neutrophils,	  presence	  of	  Howell-­‐Jolly	  bodies	  in	  mature	  red	  cells,	  and	  an	  apparent	  absence	  of	  basophils	  and	  eosinophils.	  A	  single	  eosinophil	  was	  found	  in	  2200	  leucocytes	  counted	  from	  S.	  macroura.	  All	  three	  granulocytes	  were	  present	  in	  bone	  marrow,	  however	  again	  eosinophilic	  and	  basophilic	  precursors	  were	  rare.	  In	  intestinal	  mucosa	  leucocytes	  resembled	  those	  in	  peripheral	  circulation,	  including	  occasional	  annular	  forms	  of	  neutrophils.	  Immaturity	  at	  birth	  was	  reflected	  in	  cell	  morphology	  with	  all	  red	  cells	  nucleated	  at	  birth	  in	  S.	  crassicaudata,	  decreasing	  to	  15%	  by	  4	  days	  of	  age.24	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Table 1.1. Physiological values for the two captive-bred dunnart species7 
Physiological parameter S. crassicaudata S. macroura 
Adult size (males and females same)   
     Body length (mm) 64-110 70-120 
     Tail length (mm) 51-112 55-130 
     Body mass (average) (g)d 16 20.6 
Lifespan (months)   
     Natural ≤24 (15-18) ≤24 
     Captivity 30-48 30-48 
Sexual maturity (days)   
     Male 159 159 
     Femalec 155 86-159 
Breeding   
     Mating (seasonally polyoestrus) July-Jana June-Feba 
     Oestrus length (d) 31 24-26 
     Gestation period (average) (d) 13-16 (14) 10-12 (11) 
     Birth weight (mg) 13 NR 
     Litter size (maximum) 7-10+ 6-8 
     Litter size (average)  5-6 4-5 
     Teat number (variable between populations) 10 8 
     Teat attachment (d) 40 40 
     Weaning (minimum length) (d) 65-69b  70b 
a Females may have two litters per year 
b Underweight litters are weaned 7-14 days later when individual weight is at least 5.5g 
c Depends in part on when in the season the female was born 
d Sexual dimorphism exists with males typically 2-4g heavier than females. 	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1.13	  Diseases	  reported	  in	  dasyurids	  Despite	  their	  widespread	  natural	  distribution,	  multiple	  colonies	  of	  captive-­‐bred	  animals,	  and	  anecdotal	  recognition	  of	  many	  frequently	  observed	  diseases,	  there	  remains	  relatively	  little	  recently	  published	  peer-­‐reviewed	  literature	  describing	  disease	  in	  the	  dunnart.	  There	  is	  somewhat	  more	  published	  about	  disease	  of	  dasyurids	  in	  general,	  recently	  dominated	  by	  neoplasia	  in	  the	  Tasmanian	  devil.	  These	  papers	  are	  themselves	  few	  compared	  with	  reports	  of	  disease	  in	  other	  marsupial	  species	  such	  as	  the	  koala,	  kangaroo	  and	  wallaby.	  An	  exhaustive	  search	  of	  all	  National	  Center	  for	  Biotechnology	  Information	  databases,	  including	  PubMed,	  identified	  only	  4	  recently	  published	  peer-­‐reviewed	  articles	  related	  at	  least	  partially	  to	  disease	  within	  dunnarts.	  The	  majority	  of	  articles	  relate	  to	  genomics,	  organogenesis	  of	  immune	  and	  other	  tissues,	  or	  reproductive	  biology.	  For	  this	  reason,	  discussion	  of	  disease	  relates	  in	  part	  to	  that	  seen	  in	  dasyurids	  and	  marsupials	  more	  generally,	  with	  emphasis	  on	  observations	  from	  dunnarts	  where	  available.	  The	  majority	  of	  detailed	  published	  data	  for	  dasyurids	  are	  from	  long-­‐term	  observations	  reported	  in	  the	  larger	  Australian	  registries	  of	  animal	  disease	  –	  including	  the	  Australian	  Registry	  of	  Wildlife	  Health	  maintained	  by	  the	  Zoological	  Parks	  Board	  of	  NSW	  and	  that	  of	  Healesville	  Sanctuary,	  Victoria.7	  The	  number	  of	  dunnarts	  included	  in	  these	  registries	  is	  comparatively	  low.	  These	  are	  complemented	  by	  published	  case	  reports	  from	  other	  captive-­‐bred	  colonies	  of	  dunnart.	  	  
Neoplasia	  Many	  of	  the	  earliest	  reports	  of	  neoplasia	  in	  dasyurid	  species	  were	  derived	  from	  pathological	  investigation	  of	  deaths	  involving	  animals	  kept	  in	  zoological	  collections.25	  The	  first	  large	  scale	  histopathological	  survey	  of	  spontaneous	  neoplasia	  in	  dasyurid	  marsupials	  was	  published	  by	  Attwood	  et	  al.	  in	  1973,	  as	  part	  of	  a	  long-­‐term	  study	  of	  the	  reproductive	  biology	  of	  168	  animals	  at	  La	  Trobe	  University,	  Victoria.25	  Findings	  of	  this	  and	  some	  of	  those	  earlier	  reports	  are	  summarised	  in	  Table	  1.2.	  Tumours	  found	  in	  the	  Sminthopsis	  species	  are	  bolded.	  The	  incidence	  of	  neoplasia	  in	  dasyurids	  was	  reported	  as	  4.8%	  in	  this	  histopathological	  survey,	  although	  the	  accuracy	  of	  this	  figure	  was	  limited	  by	  the	  small	  data	  sets,	  and	  variation	  in	  age	  and	  species	  examined.25	  Captivity,	  either	  directly	  or	  indirectly	  through	  dietary	  manipulation	  or	  increased	  animal	  longevity	  for	  instance,	  may	  also	  influence	  disease	  incidence.	  As	  an	  example	  no	  tumours	  were	  detected	  in	  17	  
Dasyuroides	  byrnei	  sacrificed	  immediately	  after	  capture,	  compared	  with	  an	  incidence	  of	  29%	  (2/7)	  for	  animals	  held	  in	  captivity	  for	  at	  least	  43	  months.	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Table 1.2. Early reports of neoplastic disease in dasyurid marsupials 
Location Species and 
signalment* 
Tissue Diagnosis and 
description 
Reference 
Philadelphia Zoo Eastern quoll 
(Dasyurus 
viverrinus) (male) 
Rectum Medullary 
carcinoma 
Fox, H, 191226; 
Ratcliffe, HL, 193327 
Philadelphia Zoo Spotted-tailed quoll 
(Dasyurus 
maculatus) (male) 
Small intestine, with 
metastases to liver, 
lungs, lymph nodes 
Adenocarcinoma Ratcliffe, HL, 193327 
Philadelphia Zoo Tasmanian devil 
(Sarcophilus ursinus 
[harrisii]) (unknown) 
Perineum Squamous cell 
carcinoma (SCC) 
Ratcliffe, HL, 193327 
London Zoo Fat-tailed dunnart 
(Sminthopsis 
crassicaudata) 
Upper forelimb Round cell 
sarcoma 
Feinnes, RN, 
196628 
La Trobe University 
(derived either 
Sandringham 
Station, Qld, or 
laboratory-reared) 
Kowari 
(Dasyuroides 
byrnei) (male, 4 
years) 
Thoracic wall – 
pleural surface 
extending to 
subcutaneous 
Fibrosarcomata 
(smooth, 
bossellated 
tumours, 0.3-2.5cm, 
pleural surface of 
thoracic wall; 
spindle cells forming 
a whorled pattern, 
patchy calcification, 
early 
chondrification) A 
protozoal cyst was 
also noted in the 
brain 
Attwood, HD et al., 
197325 
La Trobe University 
(derived either 
Sandringham 
Station, Qld, or 
laboratory-reared) 
Kowari  
(Dasyuroides 
byrnei) (female, 4 ½ 
years) 
Cerebellum – left 
half 
Medulloblastoma 
(continuous with 
and similar in 
appearance to the 
granular layer; 
regular, oval, 
granular nuclei) 
Endometrial 
hyperplasia, 
papillary 
hyperplasia of 
ovarian funnel 
mucosa also noted. 
Attwood, HD et al., 
197325 
La Trobe University 
(derived 
Sandringham 
Station, Qld) 
Kultarr 
(Antechinomys 
laniger spenceri) 
(adult) 
Lungs Adenomatosis 
(nodular, white; 
lined by columnar 
epithelium 
resembling 
bronchial epithelium 
Also, 4 flukes, 
Attwood, HD et al., 
197325 
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Coelomotrema 
antechinomes found 
in body cavity. 
La Trobe University 
(laboratory-reared) 
Kowari 
(Dasyuroides 
byrnei) (male, 10 
months) 
Lungs Adenomatosis, and 
squamous 
metaplasia of 
conducting airway. 
Protozoal cyst 
noted in a 
subpleural area of 
inflammatory 
infiltrate; the brain 
contained many 
protozoal cysts 
Attwood, HD et al., 
197325 
La Trobe University 
(derived either 
Simpson’s Gap, NT 
or Ayres Rock, NT) 
Fat-tailed false 
antechinus 
(Antechinus 
macdonnellensis)  
[Pseudantechinus 
macdonnellensis] 
(female, adult) 
Cervical lymph 
nodes (primary), 
spleen, liver 
Lymphosarcoma – 
large cell. Also 
nematode infection 
of lungs and liver; 
protozoal infection 
of heart and brain 
with minimal 
inflammatory 
response. 
Attwood, HD et al., 
197325 
La Trobe University 
(derived either 
Simpson’s Gap, NT 
or Ayres Rock, NT) 
Fat-tailed false 
antechinus 
(Antechinus 
macdonnellensis)  
[Pseudantechinus 
macdonnellensis] 
(male, adult) 
Spleen, liver, 
pulmonary and 
renal vessels, renal 
(interstitial, perirenal 
adipose tissue) 
Lymphosarcoma – 
large cell 
(leukemic). Also 
nematode infection 
of lungs and liver; 
protozoal infection 
of heart and brain 
with minimal 
inflammatory 
response. 
Myocardial 
protozoal cysts also 
noted. 
Attwood, HD et al., 
197325 
La Trobe University 
(derived either 
Simpson’s Gap, NT 
or Ayres Rock, NT) 
Fat-tailed false 
antechinus 
(Antechinus 
macdonnellensis)  
[Pseudantechinus 
macdonnellensis] 
(female, adult) 
Spleen, liver, 
pulmonary vessels,  
Lymphosarcoma – 
large cell 
(leukemic). 
Attwood, HD et al., 
197325 
La Trobe University 
(derived Cheyne 
Beach, WA) 
Dibbler (Antechinus 
apicalis) 
[Parantechinus 
apicalis] (male, 
adult) 
Spleen, liver, 
kidney, and 
pulmonary and 
renal vessels 
Lymphosarcoma – 
large cell 
(leukemic). 
Attwood, HD et al., 
197325 
*Scientific names in round brackets are those provided in the original publications. Where different, current scientific name is 
provided in square brackets, along with the current common name. Adapted from information contained in Attwood, HD et al.25 	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A	  later	  publication	  by	  the	  same	  authors	  reported	  the	  histopathology	  findings	  from	  366	  dasyurids	  across	  14	  species	  and	  over	  11	  years	  of	  observations	  from	  La	  Trobe	  University.	  This	  included	  observations	  from	  S.	  
crassicaudata	  (7)	  and	  S.	  macroura	  (2).29	  Details	  of	  diseases	  identified	  are	  included	  in	  the	  paragraphs	  that	  follow.	  Specific	  examination	  of	  pancreas	  from	  this	  population	  identified	  a	  single	  exocrine	  pancreatic	  adenoma	  (A.	  macdonnellensis)	  and	  single	  islet	  cell	  adenoma	  (A.	  apicalis).8	  Both	  animals	  were	  clinically	  normal.	  	  In	  1990	  Canfield	  et	  al	  published	  a	  survey	  and	  review	  of	  spontaneous	  proliferations	  in	  dasyurid	  species	  from	  what	  was	  then	  known	  as	  the	  Comparative	  Pathology	  Registry	  at	  Taronga	  Zoo	  –	  the	  precursor	  of	  the	  Australian	  Registry	  of	  Wildlife	  Health.30	  A	  total	  of	  70	  dasyurids	  were	  identified	  as	  having	  spontaneous	  proliferations	  within	  the	  151	  cases	  of	  disease	  reviewed.	  Hyperplasia,	  and	  benign	  and	  malignant	  neoplasia	  were	  included	  in	  the	  definition	  of	  spontaneous	  proliferations.	  Multiple	  proliferative	  lesions	  within	  a	  single	  animal	  were	  noted	  and	  lymphoid	  neoplasia	  was	  reported	  to	  be	  relatively	  common	  in	  the	  smaller	  dasyurids.	  Adrenal	  and	  liver	  involvement	  was	  also	  observed.	  There	  were	  17	  cases	  of	  squamous	  cell	  carcinoma	  (SCC)	  identified	  –	  these	  were	  usually	  singular	  although	  five	  had	  metastasised,	  and	  while	  any	  region	  could	  be	  involved	  the	  periauricular,	  neck,	  pouch	  and	  perineal	  regions	  appeared	  predisposed.	  Development	  of	  some	  SCC	  as	  a	  progression	  from	  papillomatous	  proliferations	  was	  also	  noted.	  	  Observations	  from	  three	  S.	  crassicaudata	  were	  reported	  in	  this	  paper:	  an	  adult	  male	  with	  a	  dermal	  spindle	  cell	  tumour	  classified	  as	  fibrosarcoma	  of	  the	  right	  shoulder;	  a	  female	  of	  unknown	  age	  with	  splenic	  lymphosarcoma;	  and,	  an	  aged	  female	  with	  an	  SCC	  of	  the	  pouch.	  Proliferative	  lesions	  noted	  as	  previously	  reported	  by	  Breckon	  and	  Hulse	  in	  1972	  in	  S.	  crassicaudata	  included	  uterine	  polyps	  and	  reticulum	  cell	  sarcoma.30	  	  Data	  from	  the	  paper	  by	  Canfield	  et	  al.	  were	  also	  represented	  in	  a	  later	  publication	  summarising	  skin	  neoplasms	  recorded	  within	  dasyurid	  species	  from	  multiple	  registries.	  Records	  were	  derived	  from	  Canfield	  
et	  al	  (1990),	  ARWH	  (2007),	  and	  Healesville	  Sanctuary	  records	  (2006).7	  This	  report,	  which	  classified	  disease	  by	  tumour	  type,	  is	  summarised	  in	  Table	  1.3	  with	  tumours	  found	  in	  the	  Sminthopsis	  species	  bolded.	  	  Recently,	  multiple	  papers	  have	  described	  the	  features	  of	  Devil	  Facial	  Tumour	  Disease	  (DFTD)	  in	  Tasmanian	  devils,	  the	  largest	  of	  the	  dasyurid	  species.7,31-­‐33	  This	  novel	  transmissible	  tumour	  is	  thought	  to	  have	  a	  Schwann	  cell	  histogenesis	  and	  emerged	  in	  1997	  to	  subsequently	  decimate	  wild	  population	  numbers	  to	  the	  point	  of	  extinction.	  Tumours	  are	  focal	  or	  multifocal,	  ulcerative	  and	  are	  first	  apparent	  on	  the	  head	  or	  neck.	  The	  cut	  surface	  is	  firm,	  pale	  to	  slightly	  translucent	  with	  frequent	  central	  necrosis	  and	  fibrous	  septa.	  Expansive,	  pseudoencapsulated	  proliferations	  of	  round	  cells	  are	  locally	  aggressive	  and	  metastasis	  to	  multiple	  organs	  is	  frequent.	  Refer	  to	  Appendix	  2.3	  for	  the	  immunohistochemical	  staining	  properties	  of	  this	  tumour.	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Table 1.3. Neoplasms reported in dasyurids 
Tumour classification Dasyurid species Case number 
Squamous cell carcinoma Tasmanian devil 9 
 Eastern quoll 3 
 Tiger quoll 3 
 Kowari 6 
 Common planigale 2 
 Fat-tailed dunnart 3 
 Brown antechinus 1 
 Brush-tailed phascogale 1 
 Red-tailed phascogale 1 
Trichoepithelioma Tasmanian devil 2 
 Eastern quoll 1 
 Kowari 1 
 Brown antechinus 1 
 Brush-tailed phascogale 2 
Lymphosarcoma Tasmanian devil 2 
 Northern quoll 2 
 Fat-tailed dunnart 1 
 Fat-tailed false antechinus 5 
 Dibbler 1 
 Sandstone false antechinus 1 
Haemangioma/haemangiosarcoma Tasmanian devil 1 
 Tiger quoll 1 
Fibrosarcoma Northern quoll 1 
 Kowari 2 
 Fat-tailed dunnart 3 
Hepatoma Tasmanian devil 2 
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 Eastern quoll 1 
 Tiger quoll 1 
 Northern quoll 1 
Adenocarcinoma Tasmanian devil 1 
 Eastern quoll 6 
 Tiger quoll 3 
 Kowari 2 
 Common planigale 1 
*Common names provided from the original publication. Table reproduced from Holz, P, 2008. Dasyurids. Medicine of Australian 
Mammals. Vogelnest, L and Woods, R (eds). Melbourne, Australia, CSIRO Publishing: page 704.7 	  	  Reports	  of	  spontaneously	  occurring	  neoplasia	  in	  non-­‐dasyurid	  marsupials	  include	  lymphoid	  neoplasia	  (inclusive	  of	  leukemia)	  occurring	  in	  the	  koala,	  with	  an	  extensive	  review	  of	  the	  clinical,	  gross	  and	  histological	  findings	  in	  13	  cases	  published	  in	  1987.34,35	  The	  reported	  prevalence	  in	  this	  review	  was	  3.8%.	  Seven	  of	  the	  13	  cases	  showed	  involvement	  of	  abdominal	  organs	  with	  an	  absence	  of	  generalised	  lymph	  node	  disease,	  while	  five	  had	  generalised	  lymphadenomegally.	  Histological	  features	  were	  described	  as	  either	  diffuse	  infiltration	  or	  discrete	  scattered	  foci	  and	  classification	  was	  variable	  –	  lymphoblastic	  through	  to	  lymphocytic	  and	  histiocytic,	  with	  2	  leukemic	  cases.	  A	  high	  incidence	  (33/158)	  of	  pulmonary	  adenomatosis	  in	  the	  opossum	  (Didelphis	  virginiana)	  was	  also	  reported	  in	  1969.	  At	  the	  time	  similarities	  were	  drawn	  with	  ovine	  pulmonary	  adenomatosis	  (Jaagsiekte),	  a	  disease	  shown	  to	  be	  strongly	  associated	  with	  a	  type	  B/D	  retrovirus	  (JSRV).25,36	  In	  2002,	  immunohistochemical	  staining	  of	  multiple	  bronchoalveolar	  carcinomas	  observed	  in	  an	  opossum	  was	  negative	  using	  a	  rabbit	  polyclonal	  antibody	  to	  JSRV	  capsid	  protein.37	  
Inflammatory	  disease	  Two	  outbreaks	  of	  increased	  mortality	  within	  the	  colony	  of	  captive	  bred	  S.	  macroura	  at	  the	  University	  of	  Melbourne	  Department	  of	  Zoology	  in	  2003-­‐4	  were	  found	  to	  be	  associated	  with	  gastric	  bleeding	  and	  weight	  loss.22	  A	  histological	  diagnosis	  of	  gastritis	  was	  concurrent	  with	  infection	  by	  Helicobacter	  pylori	  of	  proposed	  human	  origin,	  subsequently	  confirmed	  by	  16s	  rRNA	  sequencing	  with	  PCR	  analysis	  also	  showing	  the	  presence	  of	  the	  cagA	  virulence	  factor.	  Sampling	  from	  18	  animals	  in	  July	  2008	  showed	  infection	  had	  spontaneously	  cleared	  from	  the	  colony	  without	  obvious	  explanation,	  although	  this	  was	  speculated	  to	  be	  due	  to	  a	  change	  in	  handlers.	  The	  colony	  was	  closed	  in	  2009.	  Stress	  was	  considered	  an	  important	  contributing	  factor	  to	  disease	  expression	  as	  outbreaks	  occurred	  during	  the	  breeding	  season.	  Helicobacter	  (quolls	  and	  Tasmanian	  devils)	  and	  Campylobacter	  (quolls)	  species	  have	  been	  isolated	  from	  other	  dasyurid	  species,	  in	  the	  absence	  of	  overt	  clinical	  disease.7	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A	  range	  of	  other	  inflammatory	  diseases	  has	  been	  reported	  in	  dunnarts,	  with	  examples	  including	  interstitial	  pancreatitis	  with	  necrosis	  and	  lymphocytic-­‐plasmacytic	  infiltration,	  and	  hepatic	  lipidosis	  with	  necrosis.	  As	  part	  of	  their	  11	  year	  review	  of	  366	  dasyurids,	  Attwood	  et	  al	  examined	  the	  pancreas	  of	  231	  animals.8	  Focal	  interstitial	  pancreatitis	  –	  generally	  mild,	  with	  lymphocytic-­‐plasmacytic	  infiltration	  and	  variable	  glandular	  destruction	  –	  was	  found	  in	  22	  animals.	  Excluding	  a	  single	  association	  with	  Toxoplasma	  
gondii	  cysts	  causation	  was	  not	  determined,	  and	  it	  was	  often	  considered	  an	  incidental	  finding	  likely	  related	  to	  general	  intestinal	  or	  peritoneal	  inflammatory	  disease.	  Of	  the	  five	  S.	  crassicaudata	  included,	  three	  showed	  interstitial	  pancreatitis;	  the	  single	  S.	  macroura	  included	  did	  not.	  One	  S.	  crassicaudata	  displayed	  severe	  interstitial	  pancreatitis	  and	  bile	  duct	  dilation	  thought	  sufficient	  to	  contribute	  to	  death.	  The	  animal	  also	  showed	  toxoplasmal	  myocarditis	  and	  severe	  interstitial	  pneumonia.	  Islet	  cell	  vacuolar	  change	  (PAS-­‐positive,	  PAS	  diastase-­‐negative)	  seen	  in	  two	  Antechinus	  species	  was	  proposed	  as	  evidence	  of	  spontaneous	  diabetes	  mellitus	  with	  glycogenic	  vacuolation	  and	  sudden	  death.	  Supportive	  clinical	  pathology	  was	  not	  reported.8	  Pneumonia,	  bacterial	  and	  endogenous	  lipid	  forms,	  is	  reported	  to	  occur	  relatively	  commonly	  in	  the	  dunnart.7	  Animals	  may	  show	  vague	  clinical	  signs	  of	  illness	  such	  as	  anorexia,	  depression,	  weight	  loss,	  dyspnoea	  and	  sudden	  death.	  Bacterial	  forms	  are	  commonly	  caused	  by	  Pasteurella	  multocida	  and	  
Pseudomonas	  species.	  Pseudomonas	  aeruginosa	  is	  the	  common	  isolate	  from	  dunnarts	  observed	  to	  have	  head	  tilts	  and	  found	  to	  be	  associated	  with	  otitis	  media	  and	  meningitis.7	  	  Epithelial	  hypertrophy	  of	  the	  renal	  collecting	  ducts	  with	  cytomegalovirus	  intranuclear	  and	  occasionally	  cytoplasmic	  inclusions	  but	  an	  absence	  of	  inflammation	  is	  reported	  in	  two	  S.	  macroura	  as	  well	  as	  other	  dasyurids.	  	  Mycobacteriosis	  is	  reported	  to	  be	  common	  in	  S.	  crassicaudata	  and	  has	  been	  reported	  in	  the	  spotted-­‐tailed	  quoll,	  brush-­‐tailed	  phascogale	  and	  Tasmanian	  devil.7	  Infection	  is	  frequently	  caused	  by	  M.	  avium	  with	  other	  species	  such	  as	  M.	  abscessus	  also	  isolated.	  Clinical	  signs	  include	  chronic	  weight	  loss,	  dyspnoea,	  lameness,	  abscesses,	  neurological	  signs	  and	  blindness.	  Abscessation	  of	  lung,	  liver,	  spleen,	  kidney,	  bones,	  lymph	  nodes	  and	  other	  tissues	  occurs.	  Histological	  findings	  include	  necrosis,	  a	  strongly	  mononuclear	  inflammatory	  infiltrate,	  and	  minimal	  or	  absent	  mineralisation	  or	  encapsulation	  with	  variable	  numbers	  of	  acid-­‐fast	  bacteria	  identifiable.	  	  	  Tyzzer’s	  disease,	  caused	  by	  Clostridium	  piliforme,	  has	  been	  reported	  in	  multiple	  marsupial	  species	  including	  two	  dasyurid	  species	  (Antechinus	  and	  Tasmanian	  devil).7,38	  Depression,	  diarrhoea	  and	  sudden	  death	  were	  observed	  clinically,	  and	  necropsy	  specimens	  from	  diffuse	  white	  hepatic	  foci	  of	  necrosis	  found	  histologically	  to	  contain	  slender	  agyrophilic	  bacilli.	  Salmonella	  species	  are	  a	  frequent	  isolate	  from	  dasyurid	  faeces	  and	  are	  generally	  an	  incidental	  finding	  in	  healthy	  animals.7	  This	  includes	  isolation	  of	  S.	  
fremantle	  from	  slender-­‐tailed	  dunnarts	  (S.	  murina).	  	  
Parasitic	  disease	  A	  succinct	  description	  of	  the	  parasitic	  diseases	  affecting	  dasyurids	  species	  in	  general	  can	  be	  found	  in	  Holz,	  2008.7	  External	  parasites	  in	  wild	  dasyurids	  include	  ticks	  (at	  least	  10	  species),	  fleas	  (more	  than	  32	  species),	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mites	  (at	  least	  34	  species)	  and	  lice	  (biting	  lice	  of	  genus	  Boopia);	  internal	  parasites	  include	  protozoa,	  cestodes,	  trematodes	  and	  nematodes.	  The	  most	  commonly	  reported	  external	  parasite	  of	  captive-­‐bred	  species	  of	  dunnarts	  is	  Ornithonyssus	  bacoti,	  which	  is	  effectively	  controlled	  by	  the	  application	  of	  commercial	  flea	  powders.	  Demodex	  species	  have	  been	  reported	  in	  the	  hairy-­‐footed	  dunnart	  (S.	  hirtipes),	  contributing	  to	  skin	  nodules	  diagnosed	  as	  granulomatous	  dermatitis	  and	  folliculitis.7	  	  Attwood	  et	  al.,	  1973	  and	  Canfield	  et	  al.,	  1990,	  have	  reviewed	  toxoplasmosis	  and	  neosporosis	  within	  marsupials	  and	  specifically	  dasyurid	  species,	  including	  dunnarts.2,39	  The	  frequency	  of	  protozoal	  cysts	  in	  animals	  with	  tumours	  has	  been	  noted	  to	  be	  similar	  to	  that	  of	  other	  animals	  examined.25	  Sarcocystis	  was	  found	  at	  necropsy	  in	  4	  dasyurids	  (P.	  maculate	  [2],	  A.	  rosamondae	  [2]).29	  Further	  discussion	  of	  protozoal	  disease	  in	  marsupial	  species	  can	  be	  found	  in	  the	  literature	  review	  of	  Chapter	  Two.	  Plerocercoids	  of	  Spirometra	  erinacei	  (spargana)	  have	  been	  found	  in	  subcutaneous	  tissues	  of	  multiple	  dasyurids	  species.	  
Toxicity	  In	  contrast	  to	  an	  intrinsic	  tolerance	  to	  some	  plant	  toxins	  occurring	  in	  their	  natural	  diet,	  dunnarts	  are	  highly	  sensitive	  to	  the	  toxic	  effects	  of	  environmental	  pesticide	  contaminants	  such	  as	  organophopshates.40	  In	  a	  study	  examining	  the	  effects	  of	  fenitrothion	  on	  S.	  crassicaudata	  and	  S.	  macroura,	  animals	  were	  shown	  to	  be	  10-­‐14	  times	  more	  sensitive	  to	  toxicity	  than	  a	  similar	  sized	  eutherian	  mammal,	  Mus	  musculus.	  Sensitivity	  was	  greater	  than	  in	  all	  other	  mammalian	  reports.	  
Nutritional	  disease	  Effects	  of	  inappropriate	  nutrition	  are	  limited	  to	  rare	  historical	  reports	  of	  metabolic	  bone	  disease	  from	  feeding	  an	  all	  meat	  diet,	  and	  iodine	  deficiency	  causing	  deaths	  within	  a	  colony	  of	  S.	  crassicaudata.	  Obesity	  is	  the	  most	  common	  nutritional	  problem	  observed	  in	  captive-­‐bred	  colonies	  and	  is	  easily	  managed	  by	  close	  observation	  of	  weight,	  appropriate	  food	  restriction,	  and	  placement	  of	  a	  wheel	  to	  encourage	  exercise.12	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1.2	  INTRODUCTION	  
The	  University	  of	  Sydney	  currently	  maintains	  the	  only	  captive-­‐bred	  colony	  of	  S.	  macroura	  in	  Australia,	  as	  well	  as	  one	  of	  only	  three	  remaining	  captive-­‐bred	  colonies	  of	  S.	  crassicaudata	  –	  the	  others	  being	  at	  the	  Universities	  of	  Newcastle	  and	  Melbourne.	  This	  combined	  colony	  containing	  both	  species	  has	  been	  maintained	  since	  1998	  and	  thus	  forms	  an	  extremely	  valuable	  resource	  –	  not	  only	  in	  terms	  of	  advancing	  our	  understanding	  of	  the	  physiology	  and	  pathology	  of	  these	  two	  species,	  but	  for	  parallels	  that	  can	  be	  drawn	  to	  related	  dasyurid	  and	  marsupial	  species	  such	  as	  the	  Tasmanian	  devil.	  Furthermore,	  their	  small	  size,	  high	  fecundity,	  short	  gestation,	  relative	  immaturity	  at	  birth,	  and	  ease	  of	  captive	  breeding	  are	  well	  suited	  to	  forming	  an	  appropriate	  animal	  model	  for	  investigation	  of	  particular	  human	  diseases.	  	  To	  date,	  excluding	  specimen	  collection	  targeting	  specific	  disease	  and	  organ	  investigation,	  there	  has	  not	  been	  a	  systematic	  process	  for	  collection,	  examination	  and	  cataloguing	  of	  tissues	  that	  become	  available	  from	  the	  colony.	  As	  marsupial	  species	  come	  under	  increasing	  extinction	  pressure	  due	  to	  habitat	  destruction,	  predation	  by	  introduced	  species,	  and	  novel	  diseases	  such	  as	  devil	  facial	  tumour	  disease,	  there	  is	  increasing	  importance	  in	  advancing	  our	  understanding	  of	  these	  species.	  Establishment	  of	  a	  database	  of	  animal	  disease	  within	  this	  colony	  not	  only	  provides	  a	  valuable	  collection	  of	  animal	  tissues	  for	  retrospective	  disease	  investigation	  but	  may	  also	  highlight	  increased	  disease	  susceptibility	  and	  incidence	  earlier	  than	  may	  have	  otherwise	  occurred.	  The	  previously	  discussed	  paucity	  of	  peer-­‐reviewed	  disease	  data	  in	  these	  species	  also	  highlights	  the	  importance	  of	  data	  collection.	  Furthermore,	  those	  closely	  observing	  the	  colony	  (pers.	  comm.	  Bronwyn	  McAllan)	  have	  accumulated	  considerable	  knowledge	  relating	  to	  optimal	  animal	  husbandry,	  and	  maintenance	  of	  animal	  health	  and	  well-­‐being.	  Collection	  and	  reporting	  of	  this	  database	  provides	  an	  opportunity	  to	  document	  some	  of	  this	  accumulated	  anecdotal	  understanding	  of	  the	  animals,	  in	  addition	  to	  cataloging	  and	  investigating	  their	  disease.	  Finally,	  if	  these	  species	  are	  to	  form	  an	  animal	  model	  for	  disease	  investigation	  it	  is	  critically	  important	  to	  have	  an	  understanding	  of	  their	  inherent	  disease	  susceptibility	  and	  relative	  prevalence.	  Particularly	  if	  disease	  incidence	  can	  be	  reduced	  through	  management	  changes	  such	  as	  dietary	  or	  housing	  changes.	  Specimens	  become	  available	  from	  the	  colony	  a	  result	  of	  morbidity	  severe	  enough	  to	  warrant	  euthanasia,	  from	  unexpected	  deaths,	  and	  as	  a	  result	  of	  animal	  sacrifice	  as	  part	  of	  other	  approved	  studies	  such	  as	  investigation	  of	  organogenesis	  in	  marsupials.	  In	  the	  latter	  case	  only	  those	  tissues	  not	  required	  as	  part	  of	  the	  planned	  study	  are	  available	  for	  examination.	  Such	  studies	  are	  observational	  and	  no	  additional	  interventions	  have	  occurred	  in	  animals	  with	  tissues	  included	  in	  the	  database.	  Many	  sudden	  deaths	  involve	  animals	  living	  beyond	  their	  natural	  lifespan,	  and	  benefiting	  from	  optimal	  management	  and	  lack	  of	  predation.	  Consequently,	  tissues	  are	  collected	  from	  animals	  with	  a	  wide	  range	  of	  ages,	  from	  the	  very	  young	  through	  to	  those	  of	  advanced	  age.	  The	  presence	  and	  degree	  of	  pathology	  is	  expected	  to	  reflect	  this	  substantial	  variation	  in	  age.	  	  While	  not	  specifically	  targeting	  protozoal	  disease,	  the	  incidence	  of	  which	  is	  likely	  to	  be	  low	  to	  non-­‐existent	  within	  a	  closed	  colony	  fed	  a	  commercial	  diet,	  it	  remains	  possible	  that	  disease	  observation	  may	  provide	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additional	  insight	  into	  the	  apparent	  highly	  susceptible	  nature	  of	  these	  animals	  to	  protozoal	  parasites.	  For	  example,	  do	  other	  intracellular	  agents	  pose	  an	  increased	  risk	  of	  disease	  in	  these	  animals,	  or	  do	  animals	  show	  an	  increased	  incidence	  of	  particular	  cancers	  associated	  with	  infectious	  agents?	  	  
1.21	  Housing	  and	  colony	  management	  At	  the	  time	  of	  writing	  the	  colony	  maintains	  approximately	  100	  animals	  –	  80	  S.	  crassicaudata	  and	  20	  S.	  
macroura,	  although	  the	  numbers	  vary	  considerably	  depending	  on	  experimental	  demands,	  with	  up	  to	  250	  animals	  able	  to	  be	  maintained	  within	  the	  colony.	  The	  ratio	  of	  males	  to	  females	  is	  1:1.12	  Disease	  incidence	  in	  the	  colony	  is	  very	  low	  –	  there	  is	  generally	  only	  one	  or	  two	  unexpected	  and	  reportable	  deaths	  per	  year,	  and	  the	  only	  previous	  clusters	  of	  deaths	  have	  been	  the	  result	  of	  environmental	  stresses;	  air-­‐conditioning	  failure,	  for	  instance.	  Excluding	  planned	  sacrifice	  as	  part	  of	  investigative	  studies	  into	  organogenesis,	  genomics	  or	  biology	  most	  deaths	  within	  the	  colony	  occur	  in	  animals	  aged	  beyond	  the	  typical	  lifespan	  expected	  in	  nature.	  The	  majority	  of	  animals	  live	  into	  their	  fourth	  year	  –	  refer	  to	  Table	  1.1	  for	  typical	  lifespan	  details.	  	  Animals	  of	  both	  species	  are	  housed	  in	  rows	  of	  individually	  labelled	  cages	  kept	  in	  a	  single	  room	  with	  large	  windows	  that	  provide	  abundant	  natural	  lighting	  and	  allow	  animal	  detection	  of	  seasonal	  change	  in	  photoperiod	  (Figure	  1.1a).	  Additional	  lighting	  for	  staff	  convenience	  is	  available	  and	  is	  controlled	  by	  a	  timer	  enabling	  the	  fluorescent	  lights	  within	  the	  room	  to	  follow	  the	  natural	  day	  length	  (Figure	  1.1b).	  These	  lights	  are	  switched	  on	  and	  off	  automatically	  to	  allow	  for	  the	  full	  exposure	  to	  natural	  dusk	  and	  dawn	  twilight	  changes.	  Temperature	  is	  maintained	  within	  a	  range	  of	  20-­‐22	  degrees	  Celsius	  and	  humidity	  generally	  maintained	  at	  around	  30%.	  Cages	  consist	  of	  translucent	  plastic	  (230	  x	  440	  x	  320	  mm)	  with	  metal	  wire	  mesh	  (10	  mm)	  lids	  and	  a	  floor	  covering	  of	  clean	  wood	  shavings	  (Figures	  1.1c,d).	  Nesting	  boxes	  with	  shredded	  paper	  are	  also	  provided	  (Figure	  1.1e).	  Small	  cardboard	  rolls	  and	  boxes	  are	  given	  to	  the	  animals	  for	  environmental	  enrichment	  and	  to	  provide	  cover	  outside	  the	  nest	  box.	  Environment	  enrichment	  is	  further	  enhanced	  by	  inclusion	  of	  a	  variety	  of	  ‘toys’	  (running	  wheels,	  bird	  swings	  and	  climbing	  toys).	  Animals	  are	  strongly	  territorial	  and	  tend	  to	  defecate	  in	  one	  area	  of	  the	  enclosure,	  frequently	  on	  top	  of	  the	  cardboard	  box	  (Figure	  1.1f).	  Removal	  of	  contaminated	  waste	  occurs	  weekly	  and	  full	  enclosure	  cleaning	  occurs	  every	  2-­‐4	  weeks,	  depending	  on	  stocking	  density.	  	  The	  animals	  are	  fed	  every	  day.	  Food	  is	  a	  mixture	  of	  water-­‐soaked	  and	  macerated	  dry	  cat	  biscuits	  (Friskies®,	  Purina;	  Go	  Cat®,	  Purina;	  Whiskas®,	  Mars)	  and	  either	  tinned	  moist	  cat	  food	  (non-­‐fish,	  loaf	  style	  varieties	  of	  Whiskas®,	  Mars)	  or	  dog	  food	  (various	  varieties,	  Nature’s	  Gift).	  Analysis	  has	  shown	  a	  typical	  composition	  of	  77.9%	  water	  (determined	  by	  drying	  for	  24	  hours	  in	  a	  60°	  Celsius	  oven)	  and	  8.9%	  ash	  (determined	  using	  a	  muffle	  furnace)	  providing	  21.1kJ/g	  dry	  weight	  (determined	  by	  bomb	  calorimetry,	  Parr	  Instruments,	  Inc).16	  Freshly	  mixed	  food	  is	  provided	  once	  a	  day	  approximately	  1	  hour	  before	  the	  onset	  of	  darkness.	  Food	  is	  always	  provided	  in	  excess	  of	  the	  animals’	  needs;	  however,	  dietary	  restriction	  is	  practiced	  to	  prevent	  obesity	  in	  prone	  individuals.	  Protein	  content	  may	  also	  be	  increased	  in	  the	  short	  term	  for	  individual	  animals	  assessed	  as	  underweight.	  Particularly	  dietary	  requirements	  are	  indicated	  on	  individual	  cages	  using	  a	  system	  of	  coloured	  self-­‐adhesive	  labels.	  Food	  is	  supplemented	  with	  elemental	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calcium	  and	  a	  commercial	  cat	  mineral/vitamin	  powder	  once	  a	  week.	  There	  is	  no	  feeding	  of	  commercially	  reared	  or	  caught	  insects.	  Daily	  requirements	  of	  S.	  crassicaudata	  are	  approximately	  10g	  of	  wet	  food;	  S.	  
macroura	  requirements	  are	  approximately	  double	  this.12	  Water	  is	  always	  available	  ad	  libitum.	  Requirements	  also	  vary	  substantially	  in	  relation	  to	  breeding	  activity,	  with	  animals	  paired	  for	  breeding	  requiring	  more	  food	  than	  those	  that	  are	  not	  paired.	  Lactating	  mothers	  are	  given	  a	  high	  protein,	  high	  fat	  food	  supplement	  mixed	  in	  1:1	  proportions	  with	  the	  regular	  diet.	  	  Routine	  animal	  husbandry	  includes	  weekly	  animal	  measurement	  of	  body	  mass	  and	  tail	  width	  (an	  indicator	  of	  fattening	  and	  general	  health),	  collection	  of	  urine	  from	  males	  (for	  spermatorrhoea)	  and	  females	  (vaginal	  cellular	  changes	  indicating	  oestrus	  cycling)	  wherever	  possible,	  and	  checking	  of	  pouches	  in	  the	  females.	  This	  information,	  together	  with	  important	  daily	  colony	  details	  such	  as	  births	  and	  deaths,	  is	  recorded	  in	  the	  colony	  diary.	  During	  the	  breeding	  season	  males	  are	  placed	  with	  females	  –	  either	  paired	  with	  a	  single	  female	  or	  in	  a	  ‘harem’	  of	  2-­‐4	  related	  females.	  Females	  are	  monitored	  for	  reproductive	  cycling	  and	  signs	  of	  pregnancy.	  Females	  are	  separated	  from	  other	  animals	  on	  detection	  of	  pouch	  young,	  and	  if	  no	  young	  are	  produced	  within	  three	  oestrus	  cycles	  the	  male	  is	  removed	  and	  another	  introduced	  to	  the	  female.	  Both	  species	  breed	  well	  in	  the	  captive	  state,	  although	  S.	  macroura	  is	  the	  more	  difficult	  of	  the	  two.	  	  Ectoparasitism	  sufficient	  to	  cause	  clinical	  disease	  is	  rarely	  reported	  in	  the	  colony,	  with	  the	  exception	  of	  previous	  episodes	  of	  mange	  in	  aged	  and	  presumed	  immunosuppressed	  individuals.	  Mites	  were	  introduced	  to	  the	  colony	  from	  wild-­‐caught	  animals.	  As	  a	  precaution	  animals	  are	  prophylactically	  dusted	  with	  a	  commercial	  parasite	  powder	  containing	  rotenone	  10	  g/kg	  and	  sulfur	  50	  g/kg	  (Pestene	  Insect	  Powder®,	  Inca)	  at	  the	  completion	  of	  the	  breeding	  season	  (autumn),	  or	  sporadically	  in	  animals	  showing	  signs	  such	  as	  excessive	  grooming	  or	  moist,	  unkept	  coat	  that	  could	  be	  associated	  with	  parasite	  infestation.	  Other	  pharmacological	  interventions	  include	  antibiotic	  treatment	  and	  pain	  relief.	  Individual	  animals	  assessed	  as	  being	  unwell	  (e.g.	  anorexia	  or	  reduced	  appetite,	  out	  unrelated	  to	  anticipation	  of	  food,	  lameness,	  swelling)	  and	  where	  it	  is	  not	  unreasonable	  to	  include	  bacterial	  infection	  among	  the	  differential	  disease	  diagnoses	  (e.g.	  purulent	  exudation,	  swelling	  associated	  with	  tooth	  loss	  or	  injury)	  are	  treated	  with	  a	  7-­‐day	  course	  of	  antibiotic	  powder	  containing	  oxytetracycline	  hydrochloride	  10g/kg	  (Oxymav	  B®,	  MavLab)	  administered	  as	  a	  ‘pinch’	  (estimated	  0.25g)	  once	  daily	  in	  food.	  Individual	  animals	  showing	  signs	  of	  pain	  or	  with	  disease	  likely	  to	  be	  painful	  (such	  as	  a	  physical	  injury)	  are	  administered	  liquid	  paracetamol	  24mg/ml	  (Children's	  Panadol®,	  GlaxoSmithKline)	  once	  daily	  for	  4	  days	  as	  4-­‐5	  drops	  on	  food.	  All	  three	  medications	  are	  used	  empirically	  with	  dosages	  extrapolated	  from	  use	  in	  other	  species.	  No	  specific	  pharmacokinetic,	  efficacy	  or	  toxicity	  studies	  have	  been	  conducted	  in	  the	  dunnarts.	  Anecdotally	  all	  three	  are	  well	  tolerated	  on	  the	  basis	  of	  no	  deaths	  attributed	  to	  their	  use,	  and	  assessed	  as	  variably	  effective	  from	  positive	  responses	  in	  treated	  individuals.	  	  
	   19	  
	  
Figure 1.1. Animal housing and colony management.  
(a) Animals are housed in a sealed room with multiple large windows, which is maintained at approximately 20-22 degrees Celsius and 
humidity of 30% (using a commercial dehumidifier). Cages are labelled with an animal identifier (species, number, gender, year of birth), 
week of birth, and parentage; (b) Lights are run through a timer to maintain natural day length (c) Animals are kept in a translucent plastic 
crate with wire mesh lid, containing a water bottle with drinking pore, an exercise wheel and a changeable assortment of ‘toys’; (d) The 
floor is covered with wood shavings and additional cardboard objects provide multiple shelters; (e) Nesting boxes are filled with shredded 
paper; (f) Animals are territorial and tend to defecate in one location, usually on the top of the largest cardboard box. 
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1.3	  HYPOTHESIS	  AND	  AIMS	  	  
It	  is	  hypothesised	  that	  the	  diseases	  occurring	  in	  the	  captive-­‐bred	  colony	  of	  S.	  crassicaudata	  and	  S.	  
macroura	  at	  the	  University	  of	  Sydney	  are	  similar	  to	  those	  previously	  described	  in	  captive-­‐bred	  or	  wild-­‐caught	  dasyurids.	  	  	  To	  test	  this	  hypothesis	  this	  study	  aims	  to	  collect	  and	  examine	  all	  available	  tissue	  specimens	  from	  the	  colony	  for	  the	  purposes	  of	  diagnosing	  disease.	  Histological	  diagnoses	  will	  be	  considered	  together	  with	  gross	  descriptions	  and	  available	  clinical	  information	  such	  as	  signalment,	  in	  determining	  factors	  associated	  with	  this	  disease	  –	  for	  instance	  the	  age	  of	  animals	  affected.	  Identification	  of	  spontaneously	  occurring	  disease	  in	  a	  captive-­‐bred	  colony	  of	  dunnarts	  maintained	  for	  laboratory	  studies	  is	  important	  in	  order	  to	  assess	  the	  utility	  of	  this	  species	  for	  laboratory	  investigations.	  	  	  
1.4	  MATERIALS	  AND	  METHODS	  
1.41	  Animals	  and	  tissue	  samples	  From	  June	  2011	  this	  study	  aimed	  to	  collect,	  process	  and	  catalogue	  any	  cadaver	  or	  tissue	  that	  became	  available	  from	  the	  colony	  as	  a	  result	  of	  death,	  morbidity	  necessitating	  euthanasia	  or	  sacrifice	  as	  part	  of	  another	  study.	  The	  appropriate	  animal	  ethics	  approval	  had	  been	  granted	  for	  all	  other	  studies.	  No	  animal	  was	  euthanised	  specifically	  for	  the	  purpose	  of	  inclusion	  in	  this	  database;	  therefore	  additional	  Animal	  Ethics	  approval	  was	  unnecessary	  as	  this	  is	  considered	  tissue	  sharing	  under	  the	  NHMRC	  code	  of	  practice.	  Investigation	  of	  deaths	  forms	  one	  part	  of	  standard	  good	  husbandry	  practice	  in	  managing	  a	  colony	  of	  laboratory	  animals.	  Euthanasia	  was	  performed	  as	  per	  appropriate	  Animal	  Ethics	  guidelines	  –	  in	  a	  room	  remote	  from	  other	  animals	  using	  inhalation	  of	  a	  lethal	  dose	  of	  CO2.	  On	  two	  occasions	  where	  CO2	  gas	  was	  not	  available	  animals	  were	  euthanised	  by	  intra-­‐abdominal	  injection	  of	  a	  lethal	  dose	  of	  pentobarbital	  sodium	  (Lethobarb	  Euthanasia	  Injection,	  Virbac)	  and	  the	  Animal	  Ethics	  Committee	  notified	  of	  this	  variation	  from	  standard	  protocol.	  Where	  possible	  a	  preliminary	  gross	  examination	  was	  performed.	  Where	  this	  was	  not	  possible	  observations	  of	  external	  gross	  changes	  were	  made,	  the	  thorax	  and	  abdomen	  (and	  sometimes	  the	  calvarium)	  were	  opened,	  and	  the	  animal	  was	  placed	  in	  approximately	  10	  times	  its	  volume	  of	  10%	  neutral	  buffered	  formalin.	  The	  balance	  of	  tissues	  available	  from	  cadavers	  from	  other	  studies	  were	  similarly	  collected	  and	  fixed.	  An	  additional	  group	  of	  animals	  found	  dead	  during	  routine	  feeding	  and	  inspection,	  and	  showing	  varying	  degrees	  of	  gross	  post	  mortem	  decomposition,	  were	  either	  placed	  in	  formalin	  (if	  available)	  or	  frozen	  at	  -­‐200	  Celsius.	  	  Following	  a	  minimum	  of	  48	  hours	  fixation	  tissues	  were	  selected	  for	  histological	  examination.	  Routine	  specimen	  collection	  included	  heart,	  lung,	  kidney,	  stomach,	  intestine,	  spleen	  and	  pancreas.	  Additional	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specimens	  variably	  collected	  included	  brain,	  adrenal	  gland,	  urinary	  bladder,	  prostate,	  lymph	  node	  (pancreatic	  and	  mesenteric),	  thigh	  muscle	  and	  femur,	  skin,	  pouch,	  mammary	  gland,	  ovaries	  and	  uterus,	  scrotum	  and	  testes,	  eye	  and/or	  any	  tissue	  showing	  gross	  pathology.	  Specimens	  underwent	  routine	  processing	  and	  paraffin	  wax	  embedding.	  Serial	  sections	  of	  4µm	  were	  cut	  on	  to	  glass	  slides	  and	  routinely	  de-­‐waxed	  and	  rehydrated,	  stained	  with	  haematoxylin	  and	  eosin,	  and	  cover	  slipped	  with	  DPX	  mounting	  medium.	  Additional	  sections	  were	  stained	  with	  specific	  stains	  as	  necessary,	  including	  Gram	  twort,	  periodic	  acid-­‐Schiff,	  toluidine	  blue,	  Warthin-­‐Starry,	  and	  Ziehl–Neelsen	  stains.	  
Immunohistochemical	  staining	  A	  detailed	  description	  of	  immunohistochemical	  staining	  methods	  is	  provided	  in	  Chapter	  Two.	  Details	  of	  additional	  antibodies	  used	  for	  investigation	  of	  tumours	  within	  the	  colony	  are	  summarised	  below	  in	  	  Table	  1.4.	  	  	  	  
Table 1.4. Details of additional antibodies used to investigate tumour type 
Primary antibody Clone Manufacturer 
(Code) 
Type Dilution Antigen 
Retrieval 
Target cell or structure 
Vimentin41 V9 Dako, 
Denmark A/S 
(M0725) 
Monoclonal 
mouse anti-
porcine 
vimentin 
1:200 HIER pH9 Vimentin, a class III 
intermediate filament 
expressed predominantly 
in cells of mesenchymal 
origin 
S10042 Bovine 
(labels 
S100B 
strongly) 
Dako, 
Denmark A/S 
(Z0311) 
Polyclonal 
rabbit anti-
bovine S100 
1:400 HIER pH9 S100, a family of calcium-
binding proteins 
expressed in many cells, 
including: melanocytes, 
Schwann cells, glial cells, 
neurones, fibroblasts, 
myocytes 
Periaxin43 Periaxin Sigma-Aldrich Polyclonal 
rabbit anti-
human 
periaxin 
1:300 HIER pH9 Periaxin, a membrane 
protein of myelinating 
Schwann cells 
HIER=heat-induced epitope retrieval 
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1.5	  RESULTS	  
1.51	  Animals	  observations	  
Terminal	  findings	  Both	  species	  are	  nocturnal	  and	  are	  not	  frequently	  observed	  out	  of	  shelters	  –	  excluding	  when	  some	  individuals	  are	  in	  anticipation	  of	  feeding.	  Unhealthy	  animals	  were	  frequently	  observed	  out	  of	  their	  shelters	  (unrelated	  to	  feeding)	  and	  displayed	  varying	  signs	  of	  disease.	  These	  included	  anorexia,	  various	  degrees	  of	  loss	  of	  reaction	  to	  external	  stimuli,	  wetting	  of	  the	  perineum	  (‘wet-­‐bottom’),	  hind	  limbs	  and	  tail-­‐base,	  and	  adoption	  of	  a	  moribund	  state.	  	  A	  ‘wet	  bottom’	  was	  a	  frequent	  observation	  in	  terminally	  unwell	  animals,	  generally	  noted	  shortly	  prior	  to	  death	  or	  euthanasia.	  It	  has	  previously	  been	  attributed	  to	  urinary	  incontinence	  and/or	  renal	  failure	  in	  these	  animals.	  Animals	  found	  dead	  were	  frequently	  observed	  in	  a	  posture	  characteristic	  of	  deep	  torpor,	  suggestive	  of	  an	  inability	  to	  wake	  from	  torpor	  in	  the	  terminal	  stages	  of	  disease.	  	  
External	  swellings	  In	  the	  relatively	  few	  and	  frequently	  aged	  animals	  euthanised	  for	  demonstrable	  disease,	  external	  swellings	  were	  one	  of	  the	  more	  common	  observations.	  These	  were	  reported	  on	  the	  face	  –	  especially	  the	  rostral	  maxilla	  and	  mandible;	  distal	  limbs;	  and	  tail.	  Swelling	  on	  the	  limbs	  to	  2-­‐3	  times	  normal	  diameter	  resulted	  in	  tearing	  or	  ulceration	  of	  the	  overlying	  skin.	  Despite	  their	  location	  and	  size,	  masses	  were	  generally	  not	  associated	  with	  a	  decrease	  in	  food	  consumption,	  decreased	  rate	  of	  exercise	  wheel	  use,	  decreased	  breeding	  performance,	  or	  overt	  pain	  or	  dysfunction	  until	  a	  very	  late	  stage	  of	  disease.	  Usually	  animals	  did	  not	  lose	  body	  mass	  or	  tail	  width	  until	  disease	  was	  very	  advanced.	  In	  fact,	  animals	  of	  both	  species	  were	  frequently	  observed	  not	  to	  display	  any	  signs	  associated	  with	  ill	  health	  until	  disease	  was	  advanced.	  	  	  
1.52	  Specimen	  collection	  and	  analysis	  of	  results	  Between	  June	  2011	  and	  October	  2013	  tissues	  from	  66	  (S.	  crassicaudata	  [n=33]	  and	  S.	  macroura	  [n=33])	  animals	  were	  collected,	  processed	  and	  examined	  histologically.	  These	  included	  samples	  from	  clinically	  well	  and	  diseased	  animals,	  and	  samples	  that	  had	  initially	  been	  frozen	  prior	  to	  fixation.	  On	  the	  basis	  of	  advanced	  autolysis	  and/or	  presence	  of	  freeze-­‐thaw	  artifact	  sufficient	  to	  prevent	  a	  diagnosis,	  13	  of	  these	  specimens	  were	  assessed	  as	  unsuitable	  for	  histological	  reporting.	  Findings	  from	  histological	  examination	  of	  the	  remaining	  53	  specimens	  from	  both	  species	  (S.	  crassicaudata	  [n=26]	  and	  S.	  macroura	  [n=27])	  are	  provided	  in	  Table	  1.5.	  A	  summary	  of	  disease	  state	  classified	  by	  major	  pathological	  process	  is	  provided	  in	  Table	  1.6.	  Animals	  occasionally	  had	  more	  than	  one	  significant	  morphological	  diagnosis,	  which	  is	  reflected	  in	  the	  total	  sum	  of	  each	  pathological	  process	  exceeding	  the	  number	  of	  animals	  examined.	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Age	  was	  not	  available	  for	  all	  animals,	  but	  on	  the	  basis	  of	  those	  available	  ages	  ranged	  from	  4	  to	  49	  months	  (0.3-­‐4.1	  years)	  overall;	  4	  to	  43	  months	  (0.3-­‐3.6	  years)	  for	  S.	  crassicaudata	  and	  from	  4-­‐49	  months	  (0.3-­‐4.1	  years)	  for	  S.	  macroura.	  A	  total	  of	  30.2%	  of	  animals	  (n=16)	  were	  found	  to	  have	  no	  significant	  detectable	  gross	  or	  histological	  disease.	  The	  average	  age	  of	  these	  animals	  was	  14.3	  months	  (1.2	  years).	  	  	  
Table 1.5. Observations of disease based on gross and histological examination 
No. Species Sex Age (y) Diagnoses  
1 SC F 2.6 Lymphosarcoma, abdominal, nodal, multicentric, high-grade, large cell (B cell) 
2 SC F 2.5 Lymphosarcoma, cardiac, high-grade, large-cell (T cell) 
3 SM F - Squamous cell carcinoma, distal limb, with severe suppurative pyogranulomatous 
cellulitis 
4 SM M - Severe, multifocal to diffuse, suppurative to suppurative to pyogranulomatous, 
necrotising, bronchopneumonia with multifocal Gram positive coccoid bacterial 
colonies; Severe, extensive, haemorrhagic necrosis, and active cellulitis of the tail 
with bacterial proliferation and multifocal thrombosis 
5 SM F 3.3 Squamous cell carcinoma, rostral mandible 
6 SC F - Severe, acute, generalised, pulmonary oedema 
7 SM F 2.2 Squamous cell carcinoma, pouch with moderate sebaceous hyperplasia and 
hyperkeratosis 
8 SM F 0.3 No significant abnormalities 
9 SM F 0.3 No significant abnormalities 
10 SM M 0.3 No significant abnormalities 
11 SM M 2.3 Mild, focal, hyperkeratotic dermatitis of the ventral abdomen with mites (presumed 
Demodex species) 
12 SC F 3.0 Mild, chronic, superficial, dermatitis of left ventral chest 
13 SM M 0.3 No significant abnormalities 
14 SC F 3.6 Mammary carcinoma – simple, tubulopapillary 
15 SC F 0.3 No significant abnormalities 
16 SM F 2.1 Marked, peracute, focal, coagulative necrosis of kidney (renal infarction) 
Marked, extensive, haemorrhagic necrosis of spleen (splenic infarction) 
17 SM F 3.4 Mammary adenoma - simple 
18 SM F 3.8 Moderate, hyperkeratotic dermatitis of the pouch 
Mild, focal, mammary hyperplasia and mild chronic mastitis 
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19 SM M 2.3 No significant abnormalities 
20 SM F 2.4 Mild, chronic, mastitis 
21 SC F - Advanced autolysis – not reported 
22 SC F - Advanced autolysis – not reported 
23 SC F - Mammary carcinoma – simple, cystic-papillary 
Marked, multifocal extramedullary haematopoiesis of liver and kidney 
24 SM M 2.5 No significant abnormalities 
25 SC M - Gastric trichobezoar 
26 SC M - Marked, gastric dilatation with moderate, acute, centrilobular, hepatocellular 
vacuolar degeneration 
27 SM F 3.3 No significant abnormalities 
28 SM - - Not reported – bone marrow specimens from multiple animals 
29 SC M - Advanced autolysis – not reported 
30 SC F - Marked, multifocal, extramedullary haematopoiesis of spleen and liver 
31 SM F 2.7 Squamous cell carcinoma, mandible 
32 SM M 1.0 Squamous cell carcinoma, tail  
Severe, focally extensive, suppurative to pyogranulomatous cellulitis of the tail with 
multifocal bacterial colonisation 
Severe, bilateral, suppurative to pyogranulomatous, necrotising lymphadenitis of 
inguinal lymph nodes with multifocal Gram positive coccoid bacterial colony 
proliferation 
Marked, chronic-active, pyelonephritis 
Marked, multifocal, chronic-active, myocarditis and pericarditis 
Severe, multifocal to diffuse, bronchopneumonia with bacterial proliferation 
33 SC F 2.9 Marked gastric dilatation 
34 SC F 0.9 No significant abnormalities 
35 SC F 0.8 No significant abnormalities 
36 SC F 0.5 No significant abnormalities 
37 SC F 1.7 No significant abnormalities 
38 SM M 2.6 Marked abdominal effusion 
39 SC F 0.4 No significant abnormalities 
40 SM M 3.3 Advanced autolysis – not reported 
41 SC M 1.6 Advanced autolysis – not reported 
42 SM M 3.3 Advanced autolysis – not reported 
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43 SM F 3.4 Mild, focal, hyperkeratotic, dermatitis with mites 
44 SC M - Gastric trichobezoar 
45 SC F - No significant abnormalities 
46 SC M - Severe, focally extensive, suppurative to pyogranulomatous, cellulitis of the distal 
limb with multifocal Gram positive coccoid bacterial proliferation 
47 SM M - No significant abnormalities 
48 SM M 0.9 Advanced autolysis – not reported 
49 SM M 2.5 Advanced autolysis – not reported 
50 SM M 2.1 Advanced autolysis – not reported 
51 SM M 2.6 No significant abnormalities 
52 SC M - Advanced autolysis – not reported 
53 SM M - Biliary cystadenoma of the right liver lobe 
54 SC F - Squamous cell carcinoma, verrucous, of the pouch 
55 SC M - Peracute spinal cord trauma 
56 SM M - Severe intestinal haemorrhage 
57 SC M - Lymphosarcoma, cardiac, large cell, high grade (T cell) 
58 SC M - Advanced autolysis – not reported 
59 SC M - Advanced autolysis – not reported 
60 SC M - Gastric trichobezoar 
61 SC F - Gastric trichobezoar 
62 SM M - Gastric trichobezoar 
63 SC M 1.6 Gastric dilatation and rupture secondary to a large trichobezoar 
64 SM M 4.1 Sarcoma, medium grade, subcutaneous, thoracic  
Marked, chronic, glomerulonephritis with proteinaceous casts 
Marked, multifocal, nodular, pancreatic hyperplasia 
65 SM M 1.8 Severe, focally extensive, suppurative to pyogranulomatous, cellulitis of the rostral 
maxilla 
66 SC F - Severe, focally extensive, suppurative to pyogranulomatous, cellulitis and 
osteomyelitis of the rostral mandible with multifocal Gram-positive bacterial 
colonies 
SC=S.	  crassicaudata.	  SM=S.	  macroura.	  *	  No	  findings	  sufficient	  to	  explain	  death	  or	  morbidity,	  or	  a	  healthy	  sacrificed	  animal	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Table 1.6. Classification of disease by pathological process (by number of animals) 
Primary disease process# S. crassicaudata S. macroura Total Average age (y) 
Disorder of growth 7 8 15 2.8 
Inflammation 2 10 12 2.8 
Other pathology     
      Circulatory disturbances 1 3 4 2.3 
      Degenerative changes 9 0 9 2.3 
      Pigments/deposits 0 0 0 - 
No significant diseases* 7 9 16 1.2 
All 27 30 57 2.1 
# Some animals were diagnosed with more than one major pathological process, and are therefore included in multiple groups. 
* No findings sufficient to explain death or morbidity, or a healthy sacrificed animal. 	  
Neoplasia	  	  Of	  the	  28.3%	  of	  animals	  diagnosed	  with	  a	  disorder	  of	  growth	  (n=15),	  80.0%	  were	  diagnosed	  with	  a	  malignancy	  (n=12),	  13.3%	  with	  a	  benign	  proliferation	  (n=2)	  and	  20.0%	  with	  non-­‐splenic	  hyperplasia	  (n=3,	  including	  2	  animals	  with	  a	  malignancy).	  Table	  1.7	  contains	  a	  summary	  of	  the	  proliferative	  diagnoses	  in	  the	  colony.	  The	  most	  frequently	  diagnosed	  neoplasm	  was	  SCC,	  with	  lesions	  seen	  on	  the	  face	  (rostral	  mandible)	  (2),	  pouch	  (2),	  distal	  limb	  (1),	  and	  tail	  (1).	  83.3%	  (5/6)	  of	  these	  tumours	  were	  diagnosed	  in	  S.	  
macroura.	  	  All	  of	  these	  tumours	  showed	  characteristic	  invasive	  growth.	  The	  single	  SCC	  diagnosed	  in	  the	  pouch	  of	  an	  S.	  crassicaudata	  showed	  a	  distinctive	  verrucous	  growth	  pattern,	  not	  as	  apparent	  in	  the	  tumours	  seen	  in	  S.	  macroura	  –	  although	  the	  pouch	  tumor	  in	  the	  S.	  macroura	  was	  exophytic.	  Further	  gross,	  microscopic	  and	  immunohistochemical	  descriptions	  of	  SCC	  within	  the	  colony	  are	  provided	  in	  Chapter	  Three.	  Three	  animals	  were	  diagnosed	  with	  lymphosarcoma	  of	  the	  heart	  (2)	  or	  abdominal	  lymph	  nodes	  (1)	  –	  all	  animals	  were	  S.	  crassicaudata	  and	  all	  tumours	  were	  diagnosed	  as	  large-­‐cell	  and	  high-­‐grade.	  On	  the	  basis	  of	  immunohistochemical	  phenotyping	  with	  anti-­‐CD3	  and	  anti-­‐CD79b	  markers	  (refer	  to	  Chapter	  Two	  for	  methods)	  the	  nodal	  tumour	  was	  a	  B	  cell	  proliferation	  and	  the	  heart	  tumours	  both	  assessed	  as	  T	  cell	  proliferations.	  Both	  diagnoses	  of	  mammary	  carcinoma	  were	  also	  in	  S.	  crassicaudata,	  while	  a	  mammary	  adenoma	  and	  biliary	  cyst	  adenoma	  were	  diagnosed	  in	  S.	  macroura.	  One	  animal	  with	  mammary	  carcinoma	  was	  seen	  to	  have	  concomitant	  and	  marked	  hepatic	  and	  renal	  extramedullary	  haematopoiesis.	  	  Marked	  pancreatic	  nodular	  hyperplasia	  was	  observed	  in	  an	  aged	  S.	  macroura	  that	  also	  had	  a	  rapidly	  growing	  sarcoma	  in	  the	  subcutaneous	  tissues	  of	  the	  chest	  wall	  (Figures	  1.2	  a-­‐f	  and	  1.3	  e,f).	  This	  tumour	  showed	  a	  storiform	  pattern	  of	  spindle	  cell	  growth	  and	  cell	  morphology	  suggestive	  of	  a	  nerve	  sheath	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tumour.	  Immunohistochemical	  investigation	  showed	  the	  cells	  to	  be	  strongly	  vimentin	  positive,	  weakly	  to	  moderately	  positive	  for	  S100,	  and	  negative	  for	  periaxin.	  Staining	  of	  remaining	  tissues	  in	  the	  section	  was	  appropriately	  positive	  for	  each	  of	  these	  stains,	  including	  small	  nerves	  within	  dermis	  or	  surrounded	  by	  the	  expanding	  tumour,	  which	  stained	  positively	  with	  periaxin.	  	  Splenomegaly	  was	  a	  common,	  generally	  incidental	  finding.	  This	  was	  typically	  a	  diffuse	  rather	  than	  a	  nodular	  change.	  Histologically,	  all	  animals	  including	  those	  without	  splenomegaly,	  displayed	  some	  degree	  of	  splenic	  extramedullary	  haematopoiesis.	  Those	  with	  splenomegaly	  displayed	  a	  degree	  of	  proliferation	  beyond	  this	  high	  baseline	  level,	  which	  in	  the	  extreme	  was	  seen	  as	  sheeting	  of	  large	  blastic	  cells	  of	  different	  cell	  lines	  with	  a	  high	  mitotic	  index.	  Two	  S.	  crassicaudata	  showed	  cellular	  proliferation	  assessed	  as	  EMH,	  predominantly	  lymphoid,	  in	  liver	  and	  kidney.	  One	  of	  these	  animals	  also	  had	  a	  mammary	  carcinoma,	  while	  no	  tissues	  other	  than	  liver	  and	  kidney	  were	  available	  for	  collection	  in	  the	  second	  animal.	  	  	  The	  average	  age	  of	  animals	  diagnosed	  with	  a	  disorder	  of	  growth	  was	  34	  months	  or	  2.8	  years	  (range	  12-­‐49	  months	  and	  1.0-­‐4.1	  years).	  	  	  
Table 1.7. Summary of proliferative diagnoses in the colony 
Histological diagnosis S. crassicaudata S. macroura Total 
Malignant    
     Squamous cell carcinoma 1 5 6 
     Mammary carcinoma 2 0 2 
     Lymphosarcoma 3 0 3 
     Soft tissue sarcoma 0 1 1 
Benign    
     Mammary adenoma 0 1 1 
     Biliary cystadenoma 0 1 1 
Hyperplasia    
     Hepatic or renal EMH 2 0 2 
     Nodular pancreatic 0 1 1 
Total 8 9 17* 
* Two animals with hyperplasia also had a malignancy. 
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Inflammatory	  disease	  A	  total	  of	  22.6%	  percent	  of	  animals	  (n=12)	  were	  classified	  as	  having	  significant	  inflammatory	  disease,	  either	  primary	  or	  secondary	  to	  another	  process	  such	  as	  neoplasia,	  and	  focal	  or	  multifocal.	  	  A	  summary	  of	  inflammatory	  diagnoses	  by	  location	  is	  included	  in	  Table	  1.8.	  Of	  the	  four	  animals	  classified	  as	  having	  cellulitis	  on	  the	  tail	  or	  distal	  limb	  (two	  at	  each	  site),	  two	  were	  secondary	  to	  underlying	  SCC.	  Two	  additional	  animals	  had	  facial	  swelling	  due	  to	  cellulitis	  of	  either	  the	  rostral	  mandible	  or	  maxilla.	  Animals	  classified	  as	  having	  cellulitis	  showed	  inflammation	  of	  multiple	  tissues.	  Depending	  on	  location	  this	  included	  inflammation	  of	  skin,	  bone,	  muscle,	  adipose	  tissue,	  and	  lymph	  nodes	  and	  more	  specific	  morphological	  descriptions	  included	  dermatitis,	  osteomyelitis,	  myositis,	  panniculitis	  and	  lymphadenitis.	  Affected	  tissue	  displayed	  a	  characteristic	  microscopic	  appearance	  with	  inflammation	  classified	  as	  suppurative	  to	  pyogranulomatous	  and	  necrotising.	  Inflammation	  was	  typically	  discrete,	  multifocal	  to	  coalescing	  and	  nodular,	  and	  centred	  on	  large,	  irregular,	  amorphous	  and	  hyaline	  eosinophilic	  deposits	  (Splendore-­‐Hoeppli	  material)	  containing	  numerous	  coccoid	  bacteria.	  Dense	  radiating	  streams	  of	  neutrophils	  surrounded	  these	  central	  foci,	  and	  were	  in	  turn	  surrounded	  by	  bands	  of	  fibroplasia	  and	  granulation	  tissue	  containing	  a	  mixed	  infiltrate	  of	  neutrophils,	  macrophages,	  with	  fewer	  lymphocytes	  and	  plasma	  cells	  (botryomycosis).	  Nodular	  inflammation	  expanded	  and	  effaced	  tissue,	  including	  destruction	  of	  regional	  bone.	  Disease	  was	  multifocal	  in	  two	  animals	  showing	  botryomycosis,	  suggesting	  bacteraemia	  –	  additional	  infected	  tissues	  being	  the	  local	  lymph	  nodes,	  lung,	  heart	  and	  kidney.	  Where	  an	  agent	  of	  disease	  was	  evident	  in	  section	  all	  were	  Gram-­‐positive	  cocci	  –	  two	  such	  lesions	  were	  cultured.	  Culture	  of	  tissue	  from	  animal	  32,	  a	  one-­‐year-­‐old	  male	  S.	  macroura	  with	  SCC	  of	  the	  tail	  and	  secondary	  botryomycosis	  of	  the	  tail,	  heart,	  lung	  and	  lymph	  node,	  isolated	  Neisseria	  animaloris	  (Gram-­‐negative	  cocci),	  which	  was	  considered	  a	  coinfective	  agent	  or	  contaminant	  –	  see	  discussion.	  Culture	  of	  the	  rostral	  mandibular	  lesion	  in	  animal	  66,	  an	  adult	  female	  S.	  crassicaudata,	  isolated	  a	  coagulase-­‐negative	  Staphylococcus	  species.	  Gross	  and	  microscopic	  features	  of	  representative	  inflammatory	  lesions	  are	  shown	  in	  Figure	  1.4.	  
Two	  cases	  of	  dermatitis	  classified	  as	  hyperkeratotic	  were	  associated	  with	  the	  presence	  of	  mites	  within	  the	  stratum	  corneum	  or	  superficial	  hair	  follicles.	  One	  mite	  showed	  a	  morphological	  resemblance	  to	  a	  Demodex	  species.	  Neither	  was	  present	  in	  sufficient	  number	  or	  detail	  to	  permit	  further	  classification.	  The	  average	  age	  of	  animals	  diagnosed	  with	  inflammatory	  disease	  was	  34	  months	  or	  2.8	  years	  (range	  12-­‐49	  months	  or	  1.0-­‐4.1	  years),	  similar	  to	  the	  average	  age	  of	  animals	  with	  a	  disorder	  of	  growth.	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Table 1.8. Summary of inflammatory diagnoses classified site 
Histological diagnosis* S. crassicaudata S. macroura Total 
Cellulitis (tail (2), limb (2), face (2))# 1 5 6 
Dermatitis   1 3 4 
Mastitis 0 2 2 
Bronchopneumonia 0 2 2 
Glomerulonephritis, pyelitis 0 2 2 
Total 2 14 16 
* Individual animals may have had multicentric inflammatory disease. 
# Cellulitis is used as a non-specific term for tissue inflammation. Often these inflammatory foci involved skin, bone muscle, 
adipose tissue and regional lymph nodes, and more specific descriptions include dermatitis, osteomyelitis, myositis, panniculitis 
and lymphadenitis. 
	  
Circulatory	  disturbance	  and	  degenerative	  disease	  Of	  the	  remaining	  24.5%	  of	  animals	  diagnosed	  with	  disease	  (n=13),	  four	  were	  classified	  as	  having	  a	  circulatory	  disturbance	  and	  the	  remainder	  a	  degenerative	  process.	  Findings	  are	  summarised	  in	  Table	  1.9.	  Circulatory	  disturbances	  included	  individual	  animals	  with	  marked	  pulmonary	  oedema,	  splenic	  and	  renal	  infarction,	  abdominal	  effusion,	  or	  intestinal	  haemorrhage.	  No	  underlying	  cause	  was	  apparent	  for	  any	  of	  these	  abnormalities.	  	  One	  of	  the	  nine	  animals	  classified	  as	  having	  a	  degenerative	  change	  showed	  sudden	  onset	  of	  severe	  hind	  limb	  paresis	  chronologically	  linked	  to	  a	  presumed	  trauma	  event	  and	  consistent	  with	  damage	  to	  the	  spinal	  cord	  distal	  to	  T3.	  The	  remaining	  eight	  animals	  with	  this	  classification,	  all	  S.	  crassicaudata,	  were	  found	  to	  have	  gross	  and/or	  microscopic	  evidence	  of	  gastric	  dilatation	  with	  or	  without	  evidence	  of	  a	  gastric	  trichobezoar.	  One	  of	  these	  animals	  (animal	  63)	  was	  found	  to	  have	  a	  large	  (30x10mm)	  gastric	  trichobezoar	  conforming	  to	  the	  shape	  of	  the	  distended	  stomach,	  blocking	  the	  pylorus	  and	  associated	  with	  gastric	  perforation	  at	  the	  pylorus	  (Figure	  1.3	  a-­‐d).	  	  The	  average	  age	  of	  animals	  diagnosed	  with	  a	  circulatory	  or	  degenerative	  disease	  was	  27.5	  months	  or	  2.3	  years	  (range	  19-­‐35	  months	  or	  1.6-­‐2.9	  years).	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Table 1.9. Summary of diagnoses with a circulatory and degenerative classification 
Histological diagnosis S. crassicaudata S. macroura Total 
Circulatory disturbance    
     Pulmonary oedema* 1 0 1 
     Infarction – kidney, spleen 0 1 1 
     Effusion, abdominal* 0 1 1 
     Haemorrhage, intestinal* 0 1 1 
Degeneration    
     Gastric dilatation (+/- trichobezoar) 8 0 8 
     Trauma – spinal cord 1 0 1 
Total 10 3 13 
*Cause unknown. 
 
 
No	  significant	  disease	  The	  remaining	  30.2%	  of	  animals	  (n=16;	  S.	  crassicaudata=7,	  S.	  macroura=9)	  showed	  no	  significant	  detectable	  abnormalities,	  with	  either	  gross	  or	  histological	  examination.	  The	  average	  age	  of	  these	  animals	  was	  14.3	  months	  or	  1.2	  years	  (range	  4-­‐40	  months	  or	  0.3-­‐3.3	  years).	  This	  group	  included	  a	  large	  proportion	  of	  the	  animals	  sacrificed	  as	  part	  of	  other	  studies,	  and	  which	  did	  not	  display	  clinical	  signs	  of	  disease	  prior	  to	  euthanasia.	  	  Only	  25%	  (4/16)	  of	  animals	  in	  this	  group	  had	  accompanying	  clinical	  notes	  relating	  to	  illness	  prior	  to	  euthanasia	  –	  a	  cause	  for	  these	  signs	  was	  therefore	  not	  apparent	  in	  the	  specimens	  examined.	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Figure 1.2. Gross and histological features of a cutaneous sarcoma in animal 64. 
(a) Grossly the rapidly growing mass was seen as a discrete, 7mm diameter, firm, white, solid and glabrous nodule on the ventrolateral 
chest wall at the level of the axilla; (b) At low power proliferating spindle cells displayed a storiform arrangement. H&E, x200; (c) At higher 
power frequent mitoses (arrowheads) were apparent. H&E, x400; (d) Proliferating cells showed strong cytoplasmic staining with anti-
vimentin IHC. x400; (e) Cytoplasmic staining with anti-S100 IHC was weak to moderate. x400; (f) Staining with anti-periaxin IHC was 
negative. Note the strong staining of a dermal nerve entrapped in the expanding tumour (arrowhead). x400. (Refer to Figure 1.3 e,f also for 
animal 64 lesions.)    
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Figure 1.3. Gross and microscopic appearance of gastric trichobezoar and pancreatic nodular disease. 
(a-d) Gross and microscopic appearance of animal 63 (S. crassicaudata, male, 1.6 years old) showing marked gastric dilation and pyloric 
perforation secondary to a large trichobezoar. (a) Dorsal recumbency showing severe gastric dilation and caudal splenic displacement, 
with flocculent material at the site of pyloric rupture (arrowhead); (b) Removal of viscera caused further opening of the perforation site due 
to the fragile nature of the tissue, revealing the underlying trichobezoar (arrowhead); (c) Sectioning of stomach showed a dense 
accumulation of pigmented, non-digestible material; (d) Microscopically this aggregation was composed of numerous hair shafts with 
interspersed vegetable matter and other amorphous proteinaceous material. H&E x200. (e-f) Microscopic details of an incidental 
pancreatic proliferation in animal 64 (S. macroura, male, 4.1 years old) assessed as nodular hyperplasia. (e) A discrete, well-defined, 2mm 
multinodular proliferation composed of pancreatic acinar cells. H&E x40; (f) At higher power the nodule was composed of cells showing 
minor pleomorphism but lacking the expected acinar arrangement. H&E x400. 
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Figure 1.4. Gross and microscopic appearance of inflammatory nodules from animals 66 and 46. 
Gross and microscopic features of inflammatory nodules in the dunnart colony, taken from animal 66 (a, c-e) and animal 46 (b, f). (a) 
Rapidly developing swelling of the rostral mandible – firm and poorly demarcated; (b) More advanced, well defined, nodule on the distal 
right fore limb; (c) Aspirates from the nodule seen in (a) show a large number of non-degenerate and degenerate neutrophils and scattered 
macrophages (arrowheads). DifQuik x1000; (d) On low power nodules were composed of multifocal to coalescing foci of irregular, 
amorphous, hyaline and intensely eosinophilic deposits (Splendor-Hoeppli material) surrounded by cellular infiltration. H&E x100; (e) At 
higher power central deposits contained numerous basophilic coccoid elements, surrounded by radiating neutrophilic infiltrates, in turn 
surrounded by peripheral fibroplasia and granulation tissue with a mixed infiltration of neutrophils, lymphocytes and macrophages 
(botryomycosis). H&E x400; (f) Gram staining identified numerous Gram-positive cocci. Gram-twort x1000). 
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1.6	  DISCUSSION	  
For	  the	  purpose	  of	  further	  defining	  the	  dunnart	  animal	  model	  of	  disease	  this	  database	  successfully	  collated	  morbidity	  and	  mortality	  information	  over	  a	  28-­‐month	  period	  for	  available	  tissue	  specimens	  from	  the	  colony	  of	  S.	  crassicaudata	  and	  S.	  macroura	  maintained	  at	  the	  University	  of	  Sydney.	  Mortality	  data	  were	  then	  classified	  by	  major	  pathological	  process,	  and	  it	  was	  shown	  that	  approximately	  one	  quarter	  of	  animals	  died	  or	  were	  euthanised	  due	  to	  a	  disorder	  of	  growth,	  another	  quarter	  due	  to	  a	  major	  inflammatory	  process,	  and	  yet	  another	  quarter	  due	  to	  a	  circulatory	  disturbance	  or	  degenerative	  process.	  The	  remaining	  animals	  showed	  no	  detectable	  disease	  and	  included	  the	  majority	  of	  young	  animals	  sacrificed	  in	  good	  health;	  these	  animals	  provided	  a	  useful	  baseline	  for	  detecting	  pathological	  change	  in	  other	  animals.	  	  Diseases	  reported	  within	  the	  colony,	  including	  the	  types	  of	  neoplastic	  proliferations,	  were	  similar	  to	  those	  previously	  reported	  in	  dasyurids	  in	  the	  larger	  previously	  cited	  studies.25,30	  Furthermore,	  the	  number	  of	  animals	  included	  in	  this	  study	  (66)	  compared	  favourably	  with	  the	  number	  of	  animals	  of	  the	  Sminthopsis	  species	  included	  in	  earlier	  studies	  by	  Attwood	  (2	  of	  168	  animals)	  and	  Canfield	  (3	  of	  70	  animals),	  which	  were	  extensive	  reports	  of	  disease	  across	  multiple	  dasyurid	  species.	  	  In	  the	  present	  study	  it	  was	  also	  shown	  that	  the	  average	  age	  of	  animals	  with	  detectable	  disease	  exceeded	  the	  average	  natural	  lifespan	  for	  these	  species	  –	  2.8	  years	  for	  animals	  with	  a	  disorder	  of	  growth	  or	  inflammatory	  disease;	  2.3	  years	  for	  animals	  with	  a	  circulatory	  disturbance	  or	  degenerative	  process.	  This	  contrasted	  with	  the	  average	  age	  of	  animals	  having	  no	  detectable	  disease	  (1.2	  years).	  Given	  the	  low	  level	  of	  spontaneously	  occurring	  disease	  in	  animals	  less	  than	  12	  months	  of	  age	  it	  seems	  reasonable	  to	  suggest	  that	  animals	  of	  this	  age	  are	  suitable	  for	  laboratory	  investigation	  within	  these	  species.	  	  	  
1.61	  Variability	  of	  disease	  incidence	  across	  the	  two	  species	  Definitive	  disease	  incidence	  and	  prevalence	  analysis	  was	  limited	  for	  multiple	  reasons,	  particularly	  incomplete	  collection	  and	  examination	  of	  all	  deceased	  animals	  during	  the	  study	  period	  (due	  to	  advanced	  autolysis	  or	  lack	  of	  availability	  tissues,	  for	  instance)	  and	  the	  inclusion	  of	  animals	  euthanised	  in	  good	  health.	  This	  latter	  group	  did	  however	  serve	  an	  important	  role	  in	  gathering	  knowledge	  of	  ‘normal’	  within	  the	  colony,	  especially	  in	  younger	  animals	  (3	  months	  of	  age).	  Disease	  incidence	  was	  also	  likely	  to	  be	  skewed	  by	  the	  advanced	  age	  of	  many	  cadavers,	  reflecting	  good	  management	  practices	  and	  lack	  of	  predation	  permitting	  aging	  beyond	  that	  observed	  in	  nature.	  Recognising	  these	  limitations,	  there	  did	  however	  appear	  to	  be	  trends	  developing	  with	  regards	  disease	  differences	  between	  the	  two	  species	  included	  in	  the	  colony.	  When	  looking	  at	  the	  number	  of	  diseased	  animals	  detected	  from	  each	  species,	  it	  should	  be	  remembered	  that	  the	  number	  of	  S.	  crassicaudata	  animals	  maintained	  in	  the	  colony	  during	  the	  study	  often	  exceeded	  the	  number	  of	  S.	  macroura	  in	  the	  order	  of	  approximately	  4:1.	  Firstly,	  gastric	  dilation	  with	  or	  without	  the	  presence	  of	  trichobezoars	  was	  noted	  only	  in	  S.	  crassicaudata	  and	  while	  consideration	  was	  given	  to	  the	  possibility	  of	  this	  being	  a	  chance	  physiological	  finding	  in	  two	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cases,	  no	  such	  changes	  were	  seen	  in	  S.	  macroura.	  Two	  anecdotal	  reports	  of	  previous	  incidental	  findings	  of	  a	  trichobezoar	  were	  also	  from	  young	  male	  S.	  crassicaudata	  –	  a	  similar	  signalment	  to	  the	  animals	  in	  the	  present	  study.12	  This	  may	  reflect	  differences	  in	  grooming	  behaviour	  between	  the	  two	  species	  of	  dunnart,	  with	  S.	  crassicaudata	  noted	  to	  be	  more	  fastidious	  groomers	  than	  S.	  macroura.	  In	  this	  study	  75%	  (6/8)	  of	  animals	  with	  gastric	  dilation	  were	  male,	  and	  a	  similar	  proportion	  had	  a	  detectable	  trichobezoar.	  Although	  those	  two	  previous	  anecdotal	  reports	  exist,	  trichobezoar	  formation	  as	  a	  contributing	  factor	  to	  gastric	  obstruction	  and	  death	  has	  not	  been	  considered	  significant.	  Observation	  from	  this	  database	  may	  therefore	  prompt	  a	  management	  change	  at	  particular	  times	  of	  the	  year,	  such	  as	  dietary	  manipulation	  to	  help	  prevent	  their	  formation.	  Particularly	  as	  the	  majority	  of	  these	  deaths	  were	  clustered	  into	  two	  time	  periods	  around	  April	  2012	  and	  July	  2013	  –	  prior	  to	  the	  onset	  of	  the	  breeding	  season.	  
1.62	  Types	  of	  malignancy	  observed	  in	  the	  dunnart	  The	  suggestion	  has	  been	  made	  that	  dasyurids	  suffer	  from	  a	  disproportionately	  large	  number	  of	  neoplasms	  compared	  with	  eutherian	  mammals,	  although	  multiple	  study	  factors	  such	  as	  biased	  sampling,	  age	  of	  animals	  and	  small	  sample	  sizes	  provided	  a	  significant	  degree	  of	  uncertainty	  to	  this	  assertion.7	  The	  most	  common	  tumours	  previously	  reported	  in	  dasyurids	  were	  SCC,	  trichoepitheliomas,	  mammary	  adenocarcinomas	  and	  lymphosarcoma.7	  The	  incidence	  of	  a	  disorder	  of	  growth	  in	  this	  study	  population	  was	  28.3%	  although	  for	  the	  reasons	  stated	  this	  can’t	  be	  extrapolated	  to	  wild	  populations.	  In	  their	  1973	  histopathological	  investigation	  of	  spontaneous	  neoplasia	  in	  dasyurid	  species,	  Attwood	  et	  al	  reported	  an	  incidence	  of	  4.9%,	  but	  commented	  that	  this	  figure	  was	  likely	  to	  have	  little	  significance	  due	  to	  inclusion	  of	  multiple	  species	  with	  small	  population	  numbers,	  and	  varying	  species	  age	  and	  clinical	  histories.25	  Although	  the	  numbers	  are	  small	  it	  is	  interesting	  that	  the	  incidence	  of	  neoplasia	  in	  Dasyuroides	  byrnei	  maintained	  in	  captivity	  for	  43	  months	  in	  that	  study	  was	  comparable	  (29%;	  2/7)	  with	  the	  present	  study.	  Other	  reported	  incidences	  range	  from	  1.7%	  from	  Ratcliffe’s	  1933	  report	  from	  the	  Philadelphia	  Zoo	  to	  40%	  (70/151)	  from	  the	  Canfield	  et	  al	  survey	  of	  dasyurid	  disease	  from	  the	  Comparative	  Pathology	  Registry	  at	  Taronga	  Zoo.25,30	  The	  latter	  included	  hyperplasia	  in	  the	  classification	  of	  spontaneous	  proliferations,	  as	  does	  this	  analysis.	  	  The	  tumour	  types	  identified	  in	  the	  current	  investigations	  correlated	  well	  with	  those	  previously	  reported,	  including	  a	  higher	  frequency	  of	  SCC,	  lymphosarcoma	  and	  mammary	  carcinoma.	  Trends	  for	  differences	  between	  the	  two	  species	  appeared	  to	  exist,	  with	  five	  of	  six	  SCCs	  occurring	  in	  S.	  macroura.	  The	  single	  tumour	  of	  this	  type	  identified	  in	  S.	  crassicaudata	  was	  peculiar	  for	  its	  characteristic	  verrucous	  nature.	  Such	  an	  appearance,	  and	  its	  pouch	  location	  rendering	  ultraviolet	  light	  (a	  known	  carcinogen	  associated	  with	  SCC	  in	  other	  animals)	  an	  unlikely	  causative	  factor	  raised	  suspicion	  of	  a	  possible	  viral	  cause	  for	  this	  tumour.	  Recently	  a	  novel	  papilloma	  virus	  has	  been	  identified	  as	  a	  cause	  of	  carcinomas	  in	  the	  western	  barred	  bandicoot.44	  Additional	  investigation	  for	  the	  presence	  of	  a	  viral	  carcinogen	  was	  therefore	  thought	  warranted	  –	  this	  investigation	  is	  described	  in	  Chapter	  Three	  of	  this	  thesis.	  The	  nocturnal	  nature	  of	  both	  species	  would	  also	  suggest	  that	  ultraviolet	  light	  was	  a	  less	  likely	  contributor	  to	  tumours	  at	  sites	  otherwise	  exposed	  to	  light.	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Contrasting	  this	  higher	  incidence	  in	  S.	  crassicaudata,	  was	  the	  finding	  that	  all	  three	  lymphosarcoma	  cases	  occurred	  in	  S.	  macroura.	  The	  number	  of	  individuals	  affected	  was	  low,	  but	  again	  if	  this	  is	  borne	  out	  as	  study	  numbers	  increase,	  then	  a	  reason	  for	  the	  difference	  in	  incidence	  should	  be	  investigated.	  In	  other	  animal	  species	  viral	  contributors	  to	  lymphosarcoma	  are	  well	  established.	  The	  emergence	  of	  Devil	  Facial	  Tumour	  Disease	  (DFTD)	  serves	  as	  a	  timely	  reminder	  of	  the	  importance	  of	  greater	  understanding	  of	  disease	  within	  a	  species.	  Development	  of	  a	  murine	  xenograft	  model	  for	  disease	  investigation45	  and	  improved	  understanding	  of	  the	  devil	  genome	  will	  hopefully	  lead	  to	  methods	  of	  limiting	  the	  spread	  of	  this	  fatal	  tumour.46-­‐51	  All	  the	  facial	  tumours	  identified	  to	  date	  in	  this	  colony	  of	  dunnarts	  have	  been	  diagnosed	  as	  carcinomas.	  Additional	  facial	  swellings	  have	  been	  inflammatory	  (and	  infectious)	  in	  nature.	  Even	  so,	  the	  dunnart	  may	  also	  serve	  as	  a	  suitable	  animal	  model	  for	  future	  studies	  of	  DFTD.	  A	  single	  sarcoma	  was	  included	  in	  the	  database.	  Additional	  immunohistochemistry	  was	  conducted	  to	  investigate	  its	  histogenesis.	  This	  was	  of	  particular	  interest,	  given	  the	  cell	  morphology	  and	  pattern	  of	  growth	  suggested	  neural	  or	  nerve	  sheath	  tumours	  (including	  schwannoma)	  were	  a	  differential	  diagnosis.	  DFTD	  is	  currently	  described	  as	  a	  tumour	  of	  Schwann	  cells	  and	  periaxin	  –	  a	  Schwann	  cell	  marker	  –	  as	  a	  diagnostic	  marker.45	  The	  sarcoma	  diagnosed	  in	  an	  aged	  S.	  macroura	  showed	  expected	  positivity	  with	  vimentin	  staining;	  however,	  staining	  with	  the	  anti-­‐periaxin	  marker	  was	  negative.	  Some	  difficulty	  existed	  in	  interpreting	  the	  specificity	  of	  staining	  with	  the	  anti-­‐S100	  marker	  in	  dunnarts	  due	  to	  the	  widespread	  staining	  of	  non-­‐epithelial	  cells.	  On	  balance	  though	  the	  tumour	  showed	  moderate	  positive	  staining,	  meaning	  a	  nerve	  sheath	  tumour	  remained	  a	  possibly	  histogenesis.	  Difficulty	  also	  existed	  in	  assessing	  the	  nature	  of	  some	  tissue	  infiltrates,	  which	  were	  variably	  reported	  as	  inflammatory	  or	  haematopoietic	  depending	  on	  cell	  content	  and	  tissue	  context.	  Dunnarts	  showed	  a	  comparatively	  high	  number	  of	  circulating	  annular	  band	  forms	  of	  neutrophils,	  consistent	  with	  previous	  observations,	  which	  were	  commonly	  present	  within	  inflammatory	  infiltrates.24	  Such	  cells	  were	  also	  observed	  in	  areas	  of	  obvious	  haematopoietic	  hyperplasia	  such	  as	  spleen.	  In	  areas	  such	  as	  the	  lamina	  propria	  of	  the	  gastrointestinal	  tract	  in	  young	  animals	  such	  cells	  appeared	  related	  to	  EMH	  rather	  than	  inflammation.	  Some	  strongly	  lymphocytic	  infiltrates	  ultimately	  interpreted	  as	  EMH	  in	  the	  liver	  and	  kidney	  also	  provoked	  consideration	  of	  possible	  neoplastic	  proliferations.	  One	  such	  case	  was	  that	  of	  animal	  23,	  an	  adult	  female	  S.	  crassicaudata,	  which	  was	  diagnosed	  with	  a	  mammary	  carcinoma	  with	  an	  associated	  marked	  lymphocytic	  infiltrate.	  The	  simplest	  explanation	  for	  the	  additional	  renal	  and	  hepatic	  lymphocytic	  infiltrates	  was	  thought	  to	  be	  EMH	  in	  response	  to	  increased	  lymphoid	  demand,	  supported	  by	  immunohistochemical	  findings	  of	  mixed	  T	  and	  B	  cell	  histogenesis	  (data	  not	  shown)	  and	  an	  absence	  of	  other	  inflammatory	  cell	  types	  (to	  support	  multifocal	  inflammation).	  Significant	  consideration	  was	  however	  given	  to	  the	  possibility	  of	  multifocal	  T	  cell	  rich,	  B	  cell	  lymphosarcoma,	  and	  an	  animal	  with	  two	  tumours.	  Furthermore,	  assessment	  of	  the	  pancreatic	  proliferation	  in	  an	  aged	  animal	  (64)	  with	  a	  sarcoma	  of	  the	  chest	  wall	  was	  interpreted	  as	  nodular	  hyperplasia	  on	  the	  basis	  of	  well-­‐differentiated	  cell	  morphology	  and	  the	  presence	  of	  two	  nodular	  foci;	  however,	  similar	  changes	  have	  previously	  been	  reported	  as	  benign	  neoplasia.8	  	  The	  degree	  of	  inflammation	  associated	  with	  neoplastic	  and	  infectious	  diseases	  in	  S.	  crassicaudata	  and	  S.	  
macroura	  was	  generally	  substantial.	  Most,	  if	  not	  all,	  carcinomas	  were	  associated	  with	  severe	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inflammation,	  variably	  neutrophilic	  or	  mononuclear	  (lymphocytic	  and/or	  plasmacytic).	  Observation	  of	  the	  degree	  of	  inflammation	  was	  important	  for	  comparison	  with	  changes	  observed	  following	  inoculation	  with	  
N.	  caninum,	  and	  the	  assessment	  in	  Chapter	  Two	  that	  the	  inflammatory	  response	  to	  that	  organism	  was	  comparatively	  mild	  –	  especially	  in	  the	  absence	  of	  tissue	  necrosis.	  Where	  inflammation	  was	  observed	  to	  be	  suppurative	  to	  pyogranulomatous	  this	  was	  associated	  with	  proliferation	  of	  bacterial	  colonies	  and	  deposition	  of	  Splendore-­‐Hoeppli	  material	  with	  a	  typical	  multifocal	  nodular	  arrangement	  often	  referred	  to	  as	  botryomycosis.	  Two	  such	  lesions	  were	  cultured.	  Isolation	  of	  a	  coagulase-­‐negative	  Staphylococcus	  species	  from	  the	  rostral	  mandibular	  swelling	  in	  animal	  66	  was	  consistent	  with	  the	  bacterial	  morphology	  on	  Gram	  stain	  and	  of	  previous	  reports	  implicating	  such	  organisms	  with	  botryomycosis.	  Despite	  the	  lack	  of	  a	  clinical	  response	  to	  antimicrobial	  therapy	  and	  disease	  progression	  (typically	  dunnarts	  with	  botryomycosis	  do	  not	  respond	  to	  therapy),	  the	  isolate	  was	  susceptible	  to	  tetracyclines	  (and	  also	  susceptible	  to	  penicillin,	  erythromycin,	  sulphonamides,	  chloramphenicol,	  cephalosporins,	  and	  doxycycline;	  resistant	  to	  clindamycin	  and	  enrofloxacin;	  intermediate	  susceptibility	  to	  trimethoprim).	  The	  isolate	  from	  the	  tail	  of	  animal	  32	  was	  more	  unusual.	  The	  Reference	  Laboratory	  at	  the	  Centre	  for	  Infectious	  Diseases	  and	  Microbiology,	  Westmead,	  Sydney,	  identified	  the	  organism	  as	  Neisseria	  animaloris.	  The	  reporting	  microbiologist	  commented	  that	  this	  was	  an	  interesting	  isolate	  based	  on	  her	  previous	  experience,	  given	  it	  was	  adherent	  (seen	  once	  before)	  and	  had	  a	  requirement	  for	  X-­‐factor	  (not	  uncommon	  for	  the	  HACEK	  group	  but	  not	  seen	  previously	  in	  N.	  
animaloris/zoodegmatis).	  N.	  animaloris	  and	  N.	  zoodegmatis	  (formerly	  Centre	  for	  Disease	  Control	  group	  Eugonic	  Fermenter-­‐4a	  and	  4b,	  respectively)	  are	  Gram-­‐negative	  cocci	  or	  coccobacilli	  considered	  to	  be	  commensal	  organisms	  of	  the	  oropharyngeal	  and	  nasal	  cavities	  of	  dogs,	  cats	  and	  rodents.52-­‐54	  Much	  of	  the	  interest	  in	  these	  organisms	  comes	  from	  their	  potential	  role	  in	  human	  infection	  following	  dog	  and	  cat	  bites,	  especially	  in	  immunocompromised	  individuals,	  where	  they	  are	  reportedly	  associated	  with	  local	  wound	  infections	  as	  well	  as	  bacteraemia,	  and	  chronic	  otitis	  media	  and	  endophthalmitis.	  In	  their	  host	  species	  they	  have	  also	  been	  associated	  with	  virulent	  pulmonary	  and	  cutaneous	  disease.	  It	  seems	  reasonable	  to	  assume	  that	  similar	  oral	  commensal	  organisms	  are	  present	  in	  dasyurids,	  although	  it	  is	  not	  clear	  if	  N.	  animaloris	  was	  contributing	  to	  clinical	  signs	  due	  to	  coinfection	  or	  was	  a	  contaminant.	  	  Given	  the	  poor	  clinical	  response	  to	  appropriate	  antimicrobial	  therapy	  in	  animal	  66	  and	  the	  isolation	  of	  a	  likely	  commensal	  agent	  in	  animal	  32,	  additional	  factors	  contributing	  to	  host	  compromise	  can’t	  be	  excluded.	  In	  eutherian	  mammals,	  including	  a	  cohort	  of	  related	  Swiss	  Webster	  sentinel	  mice,	  immunosuppression	  is	  a	  predisposing	  factor	  to	  botryomycosis.55,56	  In	  the	  mice	  disease	  was	  attributed	  to	  infection	  by	  S.	  aureus	  and	  an	  underlying	  B	  cell	  deficiency	  and	  agammaglobulinaemia.	  Immunohistochemistry	  identified	  a	  scarcity	  of	  B	  cells	  within	  skin	  lesions	  and	  secondary	  lymphoid	  tissue.	  This	  contrasts	  with	  staining	  of	  lesions	  in	  the	  dunnart	  in	  which	  scattered	  individual	  CD3+	  T	  cells	  and	  CD79b+	  B	  cells	  were	  present	  predominantly	  in	  the	  connective	  tissue	  surrounding	  the	  suppurative	  foci	  –	  data	  not	  shown.	  It	  does	  however	  prompt	  consideration	  of	  an	  underlying	  predisposition	  to	  botryomycosis	  in	  dasyurids	  and	  limited	  immunological	  response	  to	  infective	  agents,	  especially	  when	  their	  apparent	  high	  susceptibility	  to	  inoculation	  with	  N.	  caninum	  is	  also	  considered	  –	  refer	  to	  Chapter	  Two	  discussion.	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Observations	  by	  those	  managing	  the	  colony	  were	  that	  animals	  did	  not	  display	  signs	  of	  ill	  health	  until	  disease	  was	  advanced.	  Animals	  with	  limb	  swellings	  for	  instance,	  continued	  to	  weight-­‐bear	  on	  the	  limb,	  use	  the	  exercise	  wheel	  and	  consume	  food.	  Only	  in	  cases	  of	  advanced	  and	  frequently	  disseminated	  or	  internal	  disease	  were	  animals	  anorexic	  or	  seen	  ‘out’.	  	  Sometimes	  this	  was	  an	  hour	  or	  two	  prior	  to	  being	  found	  dead.	  This	  was	  speculated	  to	  be	  a	  protective	  mechanism,	  which	  developed	  to	  limit	  the	  likelihood	  of	  predation	  of	  animals	  in	  the	  wild.	  Pathological	  observation	  from	  the	  captive-­‐bred	  colony	  of	  S.	  crassicaudata	  and	  S.	  macroura	  at	  the	  University	  of	  Sydney	  has	  supported	  the	  hypothesis	  that	  animals	  incur	  similar	  disorders	  of	  growth	  to	  those	  reported	  in	  previous	  surveys	  and	  case	  studies.	  It	  has	  also	  highlighted	  the	  possibility	  of	  differing	  susceptibility	  between	  species	  maintained	  in	  an	  identical	  environment,	  as	  well	  as	  the	  need	  to	  further	  assess	  factors	  contributing	  to	  trichobezoar	  associated	  gastric	  obstruction	  and	  dilation	  in	  S.	  crassicaudata.	  Furthermore,	  a	  high	  incidence	  of	  botryomycosis	  suggests	  the	  need	  to	  further	  define	  the	  host	  response	  to	  infectious	  agents,	  as	  discussed	  in	  Chapter	  Two.	  	  The	  dunnart	  in	  an	  important	  animal	  model,	  not	  only	  for	  investigation	  of	  disease	  in	  dasyurids	  and	  other	  marsupials	  such	  as	  the	  now	  endangered	  Tasmanian	  devil,	  but	  also	  for	  human	  ontogeny	  studies.	  A	  detailed	  understanding	  of	  disease	  susceptibility	  and	  level	  within	  the	  colony	  is	  therefore	  essential.	  In	  this	  instance,	  the	  investigation	  was	  prompted	  by	  the	  need	  for	  a	  greater	  understanding	  of	  the	  normal	  and	  diseased	  states	  within	  S.	  crassicaudata	  to	  help	  with	  interpreting	  changes	  associated	  with	  infection	  by	  N.	  caninum.	  It	  is	  the	  intention	  of	  the	  author	  and	  of	  Bronwyn	  McAllan,	  who	  maintains	  the	  colony,	  that	  the	  collation	  and	  reporting	  of	  samples	  from	  the	  colony	  continue,	  and	  that	  as	  numbers	  increase	  more	  detailed	  analysis	  of	  individual	  disease	  prevalence	  and	  causation	  be	  conducted.	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CHAPTER	  TWO:	  
IMMUNOHISTOCHEMICAL	  CHARACTERISATION	  OF	  THE	  HOST	  
CELLULAR	  IMMUNE	  RESPONSE	  FOLLOWING	  INOCULATION	  WITH	  N.	  
CANINUM	  (S.	  CRASSICAUDATA)	  
Identifying	  reasons	  for	  the	  novel	  and	  unexpected	  observation	  of	  rapid	  and	  prolific	  cyst	  formation	  in	  S.	  
crassicaudata	  following	  inoculation	  with	  N.	  caninum	  provided	  the	  main	  line	  of	  enquiry	  for	  this	  chapter	  and	  this	  thesis.	  What	  components	  of	  the	  host-­‐parasite	  interaction	  in	  this	  host	  species	  are	  responsible	  for	  an	  outcome	  generally	  not	  observed	  in	  immune-­‐competent	  eutherian	  species?	  In	  order	  to	  answer	  this	  question	  it	  is	  first	  necessary	  to	  review	  the	  current	  understanding	  of	  this	  parasite	  and	  its	  resultant	  disease	  in	  eutherian	  species.	  In	  particular	  what	  aspects	  of	  the	  host	  immune	  response	  –	  cellular	  and	  cytokine	  –	  are	  involved	  in	  combating	  infection?	  Are	  these	  same	  components	  present	  in	  the	  metatherian	  immune	  armoury?	  And	  what	  is	  known	  of	  disease	  in	  the	  metatherian	  species?	  Presently,	  knowledge	  of	  naturally	  occurring	  neosporosis	  in	  metatherian	  species	  is	  very	  limited.	  A	  great	  deal	  more	  is	  known	  of	  disease	  caused	  by	  the	  related	  apicomplexan	  parasite,	  T.	  gondii,	  which	  will	  be	  reviewed.	  Finally,	  while	  understanding	  of	  the	  complexity	  of	  the	  metatherian	  immune	  system	  is	  rapidly	  expanding	  through	  the	  use	  of	  genomics,	  for	  instance,	  functional	  studies	  are	  comparatively	  few.	  Through	  immunohistochemical	  staining	  this	  investigation	  intends	  to	  increase	  knowledge	  of	  the	  functional	  immune	  response	  in	  a	  metatherian	  species	  following	  infection	  with	  a	  protozoan	  parasite.	  
2.1	  LITERATURE	  REVIEW:	  NEOSPOROSIS	  AND	  THE	  DUNNART	  MODEL	  
OF	  DISEASE	  
2.11	  A	  review	  of	  N.	  caninum	  and	  neosporosis	  
Introduction	  	  
N.	  caninum	  is	  an	  obligate	  intracellular,	  cyst-­‐forming	  coccidian	  protozoan	  parasite	  within	  the	  Apicomplexa	  phylum	  (Sarcocystidae:	  Apicomplexa:	  Toxoplasmatinae).	  It	  is	  morphologically	  similar	  to	  a	  closely	  related	  phylum	  member,	  T.	  gondii,	  with	  which	  it	  was	  erroneously	  combined	  prior	  to	  its	  recognition	  in	  1984	  and	  subsequent	  separate	  classification	  in	  1988	  on	  the	  basis	  of	  host,	  morphological	  and	  genetic	  differences.57-­‐60	  Reclassification	  was	  justified	  by	  its	  association	  with	  a	  distinct	  clinical	  syndrome	  of	  severe	  neuromuscular	  disease	  causing	  hind	  limb	  paralysis	  in	  canine	  pups	  that	  did	  not	  produce	  antibodies	  to	  T.	  gondii.	  Earlier	  reports	  of	  canine	  myositis	  and	  radiculoneuritis	  thought	  associated	  with	  T.	  gondii	  infection	  may	  in	  retrospect	  also	  have	  been	  the	  result	  of	  N.	  caninum	  infection.61	  In	  1989	  the	  newly	  identified	  organism	  was	  also	  identified	  as	  a	  cause	  of	  abortion	  in	  dairy	  cattle.62	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Histopathologically,	  neosporosis	  in	  dogs	  is	  associated	  with	  severe	  meningoencephalomyelitis,	  myositis	  or	  fistulous	  dermatitis	  with	  tissue	  cysts	  morphologically	  similar	  but	  immunohistochemically	  distinct	  from	  those	  of	  T.	  gondii.	  Abortion	  in	  cattle	  is	  associated	  with	  foetal	  necrotising	  encephalitis,	  non-­‐suppurative	  myocarditis,	  and	  placentitis.	  Retrospective	  sample	  analyses	  have	  detected	  the	  parasite	  in	  older	  canine	  (1957)	  and	  bovine	  (1971)	  samples.63-­‐65	  Since	  its	  initial	  identification,	  N.	  caninum	  has	  now	  been	  detected	  worldwide	  in	  an	  expanding	  range	  of	  host	  species,	  and	  been	  shown	  to	  infect	  many	  tissues	  and	  cell	  types.64	  	  Additional	  phylum	  members	  include	  Plasmodium	  (malaria)	  and	  Eimeria	  (coccidiosis).	  A	  third	  related	  genus	  of	  the	  Toxoplasmatinae	  subfamily	  that	  incorporates	  Neospora	  and	  Toxoplasma	  is	  Hammondia.	  H.	  
heydorni	  is	  a	  known	  cause	  of	  diarrhoea	  in	  immunosuppressed	  dogs.66	  The	  other	  species	  within	  the	  
Neospora	  genus	  is	  N.	  hughesi,	  which	  along	  with	  Sarcocystis	  neurona	  is	  a	  cause	  of	  equine	  protozoal	  myeloencephalitis.67	  N.	  caninum	  shows	  biological,	  immunological,	  morphological,	  and	  molecular	  distinctions	  from	  H.	  heydorni,	  an	  obligate	  two-­‐host	  lifecycle	  parasite.58	  
Life	  cycle	  of	  N.	  caninum	  
Life	  stages	  and	  modes	  of	  transmission	  
N.	  caninum	  has	  a	  heteroxenous	  lifecycle	  with	  its	  sexual	  reproduction	  stage	  occurring	  in	  a	  definitive	  canid	  host.	  This	  host	  is	  either	  the	  domestic	  dog	  (Canis	  lapus	  familiaris)	  in	  the	  domestic	  life	  cycle,	  or	  an	  increasingly	  recognised	  number	  of	  native,	  feral	  and	  wild	  canids	  within	  the	  sylvatic	  life	  cycles	  (Figure	  2.1).59	  The	  parasite	  exists	  as	  3	  distinct	  lifecycle	  forms:	  sporozoites	  within	  oocysts	  shed	  by	  the	  definitive	  host;	  tachyzoites,	  the	  fast	  replicating	  form	  contributing	  to	  acute	  disease	  either	  following	  primo-­‐infection	  or	  recrudescence	  of	  the	  encysted	  stage;	  and	  the	  slow	  replicating	  or	  dormant	  bradyzoites	  that	  persist	  within	  tissue	  cysts,	  frequently	  within	  neural	  and	  muscle	  tissue.68	  	  Definitive	  hosts	  become	  infected	  by	  primary	  postnatal	  (horizontal)	  ingestion	  of	  tissue	  cysts	  containing	  bradyzoites,	  or	  rarely	  tachyzoites,	  within	  tissues	  of	  intermediate	  hosts.	  These	  tissues	  include	  aborted	  foetuses	  and	  placenta.	  In	  the	  definitive	  host	  transplacental	  (vertical)	  transmission	  is	  also	  common	  and	  signs	  in	  pups	  frequently	  occur	  as	  a	  result	  of	  congenital	  infection.64	  Recrudescence,	  due	  to	  immunosuppressive	  therapy	  for	  instance,	  may	  also	  contribute	  to	  signs	  in	  older	  animals.	  Less	  frequent	  lactogenic	  transmission	  of	  tachyzoites	  is	  also	  possible.69	  Once	  ingested,	  bradyzoites	  are	  released	  from	  tissue	  cysts	  and	  some	  are	  transformed	  to	  tachyzoites	  before	  systemic	  circulation	  and	  subsequent	  encystment	  within	  cells	  of	  tissues	  such	  as	  brain	  and	  skeletal	  muscle.	  An	  enterointestinal	  phase	  of	  merogeny	  only	  occurs	  within	  the	  definitive	  host.	  It	  has	  5	  defined	  stages	  of	  development	  contributing	  to	  the	  formation	  of	  microgamonts	  and	  macrogamonts,	  followed	  by	  formation	  of	  a	  zygote,	  and	  finally	  an	  unsporulated	  oocyst	  that	  is	  shed	  in	  faeces.	  The	  stages	  occurring	  during	  gametogeny	  are	  yet	  to	  be	  observed	  in	  the	  canine	  alimentary	  tract.	  Shedding	  is	  typically	  brief	  (1-­‐3	  days)	  and	  faecal	  oocyst	  numbers	  are	  low,	  although	  some	  animals	  may	  become	  chronic	  shedders	  (6	  weeks	  to	  4	  months	  and	  70,000	  oocysts,	  as	  assessed	  by	  PCR	  and	  visual	  inspection).69,70	  Oocysts	  become	  sporulated	  within	  24-­‐72	  hours,	  are	  relatively	  resistant	  to	  environmental	  desiccation,	  and	  persist	  in	  the	  environment	  for	  an	  unknown	  but	  likely	  extended	  period	  of	  time.58	  Experimentally,	  ingestion	  of	  high	  doses	  of	  sporulated	  oocysts	  by	  the	  definitive	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host	  will	  result	  in	  seroconversion,	  although	  subsequent	  shedding	  of	  oocysts	  is	  not	  observed	  (infection	  is	  non-­‐patent).71	   The	  asexual	  reproduction	  stage	  occurs	  in	  intermediate	  hosts	  and	  was	  initially	  identified	  in	  domestic	  cattle	  (Bos	  taurus),	  but	  is	  now	  known	  to	  occur	  in	  a	  wide	  range	  of	  species.	  Infection	  generally	  follows	  ingestion	  of	  sporulated	  oocysts	  in	  contaminated	  food	  or	  water.	  Oocyst	  ingestion	  is	  followed	  by	  excysting	  of	  sporozoites	  from	  oocysts	  in	  the	  gut,	  invasion	  and	  spread	  throughout	  the	  body.	  Within	  host	  cells	  parasites	  replicate	  by	  a	  process	  of	  endodyogeny	  (binary	  fission)	  forming	  tachyzoites.64	  Most	  host	  cells	  appear	  susceptible	  to	  infection,	  although	  frequently	  infected	  cells	  include	  neurons,	  myocytes,	  hepatocytes,	  renal	  tubular	  epithelial	  cells,	  macrophages,	  fibroblasts	  and	  vascular	  endothelial	  cells.64	  Tachyzoites	  may	  subsequently	  become	  encysted	  behind	  a	  solid	  cyst	  wall	  with	  organisms	  transformed	  to	  bradyzoites,	  frequently	  under	  the	  influence	  of	  a	  strong	  interferon-­‐dominated	  cell-­‐mediated	  host	  immune	  response.	  Cysts	  are	  typically	  present	  within	  neural	  or	  muscular	  tissue.	  Tachyzoites	  infecting	  reproductive	  tissue	  or	  the	  foetus,	  either	  at	  the	  time	  of	  initial	  infection	  or	  following	  recrudescence,	  may	  undergo	  vertical	  transmission	  and/or	  contribute	  to	  abortion.	  Vertical	  transmission	  is	  classified	  as	  exogenous	  on	  the	  basis	  of	  primo-­‐infection	  during	  pregnancy,	  that	  is	  infection	  for	  the	  first	  time;	  or	  endogenous,	  following	  recrudescence	  and	  transformation	  of	  bradyzoites	  to	  tachyzoites	  during	  pregnancy.68	  The	  outcome	  of	  foetal	  infection	  is	  in	  utero	  death	  and	  either	  resorption,	  mummification,	  autolysis	  or	  stillbirth;	  alternatively,	  infection	  in	  a	  foetus	  that	  has	  reached	  immunocompetence	  may	  result	  in	  birth	  of	  clinically	  normal	  but	  chronically	  infected	  animal	  capable	  of	  passing	  the	  infection	  on	  during	  a	  subsequent	  pregnancy.	  Lactogenic	  transmission	  in	  intermediate	  hosts	  is	  also	  possible	  up	  to	  1-­‐week	  post	  partum,	  although	  this	  is	  of	  little	  epidemiological	  significance	  in	  cattle	  where	  the	  major	  mechanism	  of	  transmission	  appears	  to	  be	  transplacental	  (vertical),	  from	  cow	  to	  foetus.69	  The	  lifecycle	  is	  completed	  by	  the	  ingestion	  of	  infected	  intermediate	  host	  tissue,	  including	  aborted	  tissues,	  by	  a	  definitive	  host.	  	  Much	  of	  the	  existing	  knowledge	  of	  this	  parasite	  and	  its	  pathogenesis	  relates	  to	  studies	  of	  transmission	  between	  dogs	  and	  cattle.	  Recently,	  with	  the	  discovery	  of	  additional	  definitive	  and	  intermediate	  hosts,	  it	  is	  becoming	  clear	  that	  numerous	  sylvatic	  life	  cycles	  exist	  that	  involve	  wild,	  feral	  and	  native	  animals.	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Figure 2.1. Life cycle of N. caninum.  
Note the additional sylvatic cycling that occurs through native and wild animals, and which may serve as a reservoir of disease for 
domestic hosts. Adapted from: illustration. 07.11.12. http://www.dogs-info.net/uploads/allimg/101205/09460934Z-4.jpg 
 
Descriptions	  of	  the	  life	  cycle	  stages	  of	  N.	  caninum	  The	  histological	  appearances	  of	  the	  different	  life	  cycle	  stages	  of	  N.	  caninum	  were	  well	  described	  in	  the	  initial	  1988	  publication	  by	  Dubey	  et	  al,	  and	  updated	  in	  a	  2002	  redescription.58	  The	  latter	  paper	  served	  to	  differentiate	  this	  newly	  discovered	  coccidian	  parasite	  from	  closely	  related	  organisms	  such	  as	  T.	  gondii	  and	  
H.	  heydorni.	  More	  recently	  a	  review	  of	  the	  biological	  and	  genetic	  diversity	  of	  N.	  caninum	  summarised	  the	  variable	  morphology	  of	  different	  isolates.64	  In	  summary,	  the	  following	  are	  descriptions	  of	  the	  life	  cycle	  stages	  taken	  from	  the	  original	  descriptive	  papers	  of	  findings	  from	  canine	  and	  bovine	  hosts	  with	  additional	  variations	  across	  a	  wider	  host	  species	  range	  as	  noted	  in	  the	  more	  recent	  reviews.58,64	  
• Tachyzoites	  –	  are	  4.3-­‐8.4	  x	  1.3-­‐2.5µm	  depending	  on	  the	  stage	  of	  division,	  with	  non-­‐dividing	  organisms	  being	  approximately	  7x2µm.	  They	  are	  ovoid,	  lunate	  or	  globoid	  with	  1-­‐2	  nuclei,	  and	  are	  arranged	  singly,	  in	  pairs,	  or	  in	  groups	  of	  4	  or	  more	  organisms.	  Division	  into	  2	  zoites	  is	  by	  endodyogeny.	  Tachyzoites	  may	  be	  seen	  in	  many	  cell	  types	  and	  are	  located	  within	  a	  cytoplasmic	  parasitophorous	  vacuole.	  Each	  tachyzoite	  contains	  4-­‐24	  rhoptries,	  with	  variation	  in	  part	  the	  result	  of	  difficulty	  differentiating	  rhoptries	  from	  dense	  granules.	  They	  also	  possess	  most	  of	  the	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organelles	  found	  in	  coccidian	  merozoites	  such	  as	  micronemes,	  although	  detection	  of	  micropores	  is	  difficult.	  	  
• Bradyzoites	  –	  are	  approximately	  5-­‐7µm	  and	  found	  within	  tissue	  cysts.	  They	  are	  elongate	  with	  a	  subterminal	  nucleus	  and	  contain	  organelles	  typically	  found	  in	  other	  coccidian	  zoites,	  including	  large	  and	  small	  dense	  granules,	  rhoptries	  (6-­‐12)	  and	  micronemes.	  Organisms	  are	  positively	  staining	  with	  periodic	  acid-­‐Schiff.	  
• Tissue	  cysts	  –	  are	  round	  to	  elongate,	  non-­‐septate	  and	  lacking	  protrusions	  or	  a	  secondary	  cyst	  wall.69	  The	  largest	  reported	  size	  is	  55x107µm	  from	  the	  brain	  of	  a	  congenitally	  infected	  dog	  and	  smallest	  6-­‐8x10µm	  from	  bovine	  and	  caprine	  foetuses.	  Original	  descriptions	  were	  of	  a	  wall	  1-­‐4µm	  thick,	  frequently	  with	  a	  wavy	  contour,	  and	  present	  within	  neural	  tissue.	  However,	  there	  is	  evidence	  that	  cyst	  wall	  thickness	  may	  vary	  by	  cyst	  size	  (smaller	  and	  thicker),	  strain	  of	  N.	  caninum,	  host	  species,	  infected	  cell	  type,	  duration	  of	  infection	  and	  age	  of	  host.58,64	  For	  example,	  cysts	  in	  two	  naturally	  infected	  dogs	  were	  found	  with	  walls	  0.5–0.7µm	  thick.58,72	  
• Oocysts	  –	  size	  varies	  from	  9.4-­‐13.4µm,	  with	  a	  colourless	  wall	  0.6-­‐0.8µm	  thick.	  Each	  oocyst	  contains	  two	  sporocysts	  each	  8.4x6.1µm,	  each	  with	  4	  sporozoites	  (5.8-­‐7.0	  x	  1.8-­‐2.2µm).	  Oocysts	  are	  shed	  unsporulated	  and	  sporulation	  occurs	  24-­‐72	  later.	  The	  prepatent	  period	  is	  reported	  as	  5-­‐10	  days	  post	  infection	  but	  can	  be	  up	  to	  13	  days.64	  Oocysts	  were	  not	  identified	  until	  1998,	  confirming	  the	  dog	  as	  the	  definitive	  host.59,69	  The	  number	  of	  oocysts	  shed	  is	  highly	  variable,	  with	  reports	  from	  few	  to	  one	  million,	  and	  shedding	  of	  up	  to	  10	  days.64	  Shedding	  is	  thought	  dependent	  on	  host	  age	  (more	  in	  younger),	  immune	  status,	  and	  tissue	  fed	  (faster	  in	  sheep	  and	  goat	  versus	  mice).	  Images	  of	  the	  different	  life	  stages	  of	  N.	  caninum	  are	  shown	  in	  Figures	  2.2-­‐2.4.	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Figure 2.2: Life stages of N. caninum as they appear in bovine brain and spinal cord.  
Tachyzoites - (A) free within the brain of a bovine foetus (arrows show actively dividing organisms); (B) Extracellular crescent forms 
(arrows) rarely seen in sections; (C) A large intracellular aggregate. Tissue cysts – (D-G) Small tissue cysts (arrows) with varying wall 
thickness seen in brain of aborted foetuses; (H) Thick walled tissue cysts within a spinal cord neuron from a 3 day old calf. Images 
haematoxylin and eosin (H&E) x600. Reprinted from J Comp Pathol, 134(4), Dubey JP, Buxton D, Wouda W, Pathogenesis of bovine 
neosporosis, page 269. Copyright (2006), with permission from Elsevier.73  
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Figure 2.3. N. caninum tachyzoites and tissue cysts in histological section. 
Images C to F show tissues of naturally infected dogs compared with a tissue cyst of T. gondii in image G. Arrowheads indicate the 
thickness of the tissue cyst wall. Bar applies to all parts. (A) Tissue cyst from the cerebellum of a dog from the first published report by 
Bjerkas et al, 1984. H&E. (B) A large group of tachyzoites (arrows) in skeletal muscle of the same dog – note the absence of a cyst wall. 
H&E. (C) Tissue cyst from the brain of dog included in the original description by Dubey JP et al, 1988.57 Toluidine blue stain. (D) A group 
of tachyzoites (arrow) in the brain of dog from the same publication as (C) – note the absence of a cyst wall. 57Giemsa stain. (E) 
Tachyzoites (arrows) from the liver of a dog from the same publication as (C).57 Stained with polyclonal antibodies to N. caninum. (F) 
Tissue cyst in the brain of a dog from Dubey JP et al, 1988b.74 NC-1 strain of N. caninum. H&E. (G) Tissue cyst of T. gondii in the brain of 
an experimentally infected mouse, 3 months post infection. Periodic acid Schiff (PAS) reaction counter stained with haematoxylin. PAS-
positive bradyzoites are enclosed in a thin PAS-negative cyst wall. Note: images (A) and (B) have been excluded from this figure. 
Reprinted from Int J Parasitol, 32(8), Dubey JP, Barr BC, Barta JR et al., Redescription of Neospora caninum and its differentiation from 
related coccidia, page 931. Copyright (2002), with permission from Elsevier.58 
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Figure 2.4. Transmission electron microscopy (TEM) of intracellular tachyzoites. 
TEM of tachyzoites in HS68 cells in culture taken 2 days after inoculation with the NC-2 isolate of N. caninum. Tachyzoites can be seen 
within a parasitophorous vacuole (Pv) or free within the host cell cytoplasm (arrow). Reprinted from Int J Parasitol, 32(8), Dubey JP, Barr 
BC, Barta JR et al., Redescription of Neospora caninum and its differentiation from related coccidia, page 931. Copyright (2002), with 
permission from Elsevier.58  
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Expanding	  host	  range	  –	  definitive	  and	  intermediate	  hosts	  All	  definitive	  hosts	  identified	  to	  date	  are	  canid	  and	  carnivorous.	  In	  addition	  to	  the	  domestic	  dog	  	  (Canis	  
familiaris)	  these	  include	  the	  coyote	  (Canis	  latrans),	  gray	  wolf	  (Canis	  lupus),	  and	  dingo	  (Canis	  lupus	  
dingo).75-­‐77	  Serological	  testing	  demonstrates	  widespread	  exposure	  of	  other	  potential	  definitive	  host	  species	  and	  groups	  of	  animals,	  including	  those	  within	  remote	  demographics	  where	  sylvatic	  lifecycles	  might	  be	  expected	  to	  occur.	  For	  instance,	  a	  recent	  study	  investigating	  the	  role	  of	  the	  wild	  mammalian	  carnivores	  of	  Ireland	  in	  the	  epidemiology	  of	  bovine	  neosporosis	  found	  3%	  of	  the	  American	  mink	  (Mustela	  
vison),	  4%	  of	  otters	  (Lutra	  lutra)	  and	  6%	  of	  red	  foxes	  (Vulpes	  vulpes)	  examined	  were	  infected	  with	  N.	  
caninum	  on	  the	  basis	  of	  positive	  PCR	  analysis	  of	  DNA	  extracted	  from	  brain.78	  Furthermore,	  all	  faecal	  samples	  tested	  negative	  for	  N.	  caninum	  DNA	  (n=311),	  prompting	  the	  authors’	  suggestion	  that	  these	  hosts	  were	  acting	  as	  intermediate	  hosts.	  Equally	  plausible	  is	  that	  this	  is	  a	  direct	  reflection	  of	  low	  or	  intermittent	  oocyst	  excretion	  in	  definitive	  hosts.	  The	  authors	  concluded	  that	  the	  local	  ecology	  of	  a	  species	  has	  an	  important	  influence	  on	  its	  epidemiological	  role	  in	  neosporosis	  based	  on	  this	  low	  prevalence	  rate.	  Seroprevalence	  in	  the	  general	  canine	  population	  varies	  by	  geographical	  location,	  with	  higher	  rates	  seen	  in	  feral	  and	  farm	  animals,	  and	  those	  consuming	  a	  diet	  of	  raw	  meat.69	  For	  instance,	  9.8%	  of	  dogs	  from	  11	  villages	  inhabited	  by	  the	  Tapirapé	  and	  Karajá	  ethnic	  groups	  in	  the	  south	  of	  the	  Brazilian	  Amazon	  were	  seropositive	  to	  N.	  caninum	  on	  the	  basis	  of	  indirect	  fluorescence	  antibody	  testing	  (IFAT).79	  Furthermore,	  in	  an	  extensive	  parasitological	  survey	  of	  263	  dogs	  from	  the	  semi-­‐arid	  and	  arid	  regions	  of	  northwest	  New	  South	  Wales	  and	  the	  Northern	  Territory	  of	  Australia,	  King	  et	  al	  calculated	  a	  true	  N.	  caninum	  seroprevalence	  of	  27%.77	  Two	  juvenile	  animals	  were	  found	  to	  be	  excreting	  N.	  caninum	  oocysts	  (2/132;	  1.5%).	  The	  authors	  concluded	  that	  N.	  caninum	  was	  widespread	  in	  these	  areas	  and	  that	  horizontal	  transmission	  was	  occurring,	  with	  wild	  dogs	  and	  free	  roaming	  Aboriginal	  community	  dogs	  likely	  to	  be	  important	  contributors	  to	  a	  sylvatic	  life	  cycle.	  	  Although	  disease	  within	  intermediate	  hosts	  has	  been	  most	  studied	  in	  domestic	  cattle	  (Bos	  taurus),	  the	  range	  of	  recognised	  intermediate	  host	  species	  continues	  to	  expand	  as	  a	  result	  of	  increased	  serological	  and	  disease	  surveillance.	  Currently,	  a	  large	  list	  of	  potential	  intermediate	  hosts	  exists,	  which	  includes	  dogs	  ,	  cats,	  small	  ruminants	  such	  as	  sheep	  and	  goats,	  horses,	  birds,	  and	  native	  species.58	  Both	  the	  sexual	  and	  asexual	  phases	  of	  the	  life	  cycle	  can	  be	  completed	  in	  the	  dog.	  Diverse	  examples	  of	  specific	  species	  shown	  to	  have	  been	  exposed	  to	  the	  parasite	  on	  the	  basis	  of	  seroconversion	  currently	  include	  chickens	  (Gallus	  
domesticus),80,81	  sparrows	  (Passer	  domesticus),82	  red	  foxes	  (Vulpes	  vulpes),83	  water	  buffaloes	  (Bubalus	  
bubalis)63	  and	  white-­‐tailed	  deer	  (Odocoileus	  virginianus).84	  The	  seroprevalence	  of	  N.	  caninum	  in	  free-­‐range	  chickens	  has	  been	  used	  as	  an	  indicator	  of	  soil	  contamination	  with	  N.	  caninum	  oocysts	  since	  they	  feed	  from	  the	  ground.80,81	  Results	  from	  different	  countries	  from	  the	  American	  continents	  ranged	  from	  a	  seroprevalence	  of	  7.2%	  in	  the	  USA	  to	  83.6%	  in	  Nicaragua.	  An	  example	  of	  abortive	  disease	  in	  an	  unusual	  intermediate	  host	  is	  that	  of	  a	  7-­‐month-­‐old	  captive-­‐bred	  southern	  white	  rhinoceros	  (Ceratotherium	  simum	  
simum)	  foetus,	  with	  positive	  identification	  of	  N.	  caninum	  in	  brain	  and	  liver	  lesions	  by	  immunohistochemistry,	  PCR	  analysis	  and	  DNA	  sequencing.85	  It	  is	  possible	  that	  N.	  caninum	  may	  have	  the	  capacity	  to	  infect	  any	  warm-­‐blooded	  vertebrate,	  similar	  to	  T.	  gondii.86	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There	  is	  much	  to	  be	  learned	  of	  the	  lifecycle	  of	  this	  parasite,	  and	  the	  role	  indigenous	  and	  endemic	  species	  of	  intermediate	  hosts	  play	  in	  disseminating	  infection	  or	  acting	  as	  reservoirs	  for	  disease.87	  In	  the	  Netherlands	  feral	  rodents	  and	  insectivores	  have	  been	  shown	  to	  be	  intermediate	  hosts	  on	  organic	  farms,	  most	  of	  which	  had	  dogs	  present.87	  Real-­‐time	  PCR	  assessment	  for	  DNA	  within	  brain	  tissue	  of	  250	  animals	  found	  an	  overall	  prevalence	  of	  12.4%,	  including	  common	  shrews	  (33.3%),	  wood	  mice	  (17.6%),	  harvest	  mice	  (16.7%),	  house	  mice	  (15.4%),	  white-­‐toothed	  shrews	  (10.8%)	  and	  common	  voles	  (4.2%).	  The	  authors	  suggested	  that	  rodents	  and	  insectivores	  might	  be	  a	  useful	  indicator	  species	  for	  parasitic	  load	  on	  farms.	  The	  potential	  for	  a	  similar	  role	  for	  small	  Australian	  native	  insectivores	  (including	  dasyurid	  marsupials)	  can’t	  be	  excluded.	  
Diversity	  within	  N.	  caninum	  isolates	  Although	  it	  has	  a	  worldwide	  distribution,	  phenotypic	  and	  genotypic	  variability	  show	  N.	  caninum	  to	  be	  a	  heterogeneous	  population	  of	  many	  isolates	  from	  different	  global	  locations.64	  Strains	  show	  minor	  ultrastructural	  variation	  but	  substantial	  differences	  in	  pathogenicity	  (virulence),	  most	  extensively	  evaluated	  in	  experimental	  mouse	  models.64	  Potential	  exists	  for	  strain	  variability	  for	  characteristics	  such	  as	  host	  affinity,	  making	  strain	  identification	  important	  for	  epidemiological	  and	  pathogenicity	  studies.64	  Aiding	  strain	  identification	  is	  the	  development	  of	  a	  multiplex	  PCR	  assay	  capable	  of	  detecting	  genetic	  variation	  on	  the	  basis	  of	  length	  polymorphism	  associated	  with	  three	  different	  repetitive	  markers.88	  In	  an	  in	  depth	  review	  in	  2010,	  Al-­‐Qassab	  et	  al	  documented	  the	  isolates	  of	  N.	  caninum	  identified	  to	  date,	  and	  discussed	  the	  diversity	  within	  these	  isolates.64	  The	  paper	  summarised	  88	  N.	  caninum	  isolates	  from	  different	  host	  species;	  the	  list	  continues	  to	  expand	  as	  new	  isolates	  are	  identified.	  Differences	  in	  virulence	  between	  N.	  caninum	  strains	  and	  within	  strains	  infecting	  different	  host	  species	  are	  best	  demonstrated	  in	  the	  experimental	  rodent	  models.	  Inbred	  BALB/c	  mice,	  immunodeficient	  nu/nu	  mice,	  interferon-­‐γ	  knock	  out	  mice	  and	  gerbils	  are	  highly	  susceptible	  to	  infection.64,89	  Parasite	  strain	  also	  significantly	  affects	  infection	  and	  disease	  progression,	  including	  within	  these	  highly	  susceptible	  mice	  and	  gerbils.	  Of	  interest	  to	  this	  investigation	  is	  infection	  of	  BALB/c	  mice	  with	  the	  bovine	  isolate	  N.	  caninum-­‐Nowra,	  showing	  it	  is	  substantially	  less	  pathogenic	  in	  mice	  compared	  with	  N.	  caninum-­‐Liverpool	  –	  70%	  versus	  0%	  survival	  observed,	  respectively.64,90	  Although	  not	  highly	  reproducible,	  N.	  caninum-­‐Nowra	  inoculation	  of	  Australian	  Quackenbush	  (Qs)	  mice,	  an	  outbred	  strain	  of	  high	  robustness	  and	  fecundity	  derived	  from	  Swiss	  mice,	  also	  failed	  to	  cause	  significant	  foetal	  loss.90-­‐92	  Studies	  in	  cattle	  are	  more	  limited	  with	  variation	  in	  strain	  virulence	  and	  ability	  to	  cause	  foetal	  death	  shown	  in	  some	  studies,	  but	  not	  in	  others.	  No	  significant	  variability	  in	  antigenic	  reactivity	  was	  detected	  between	  strains	  using	  IFAT	  of	  infected	  bovine	  calf	  serum	  and	  immunoblotting	  to	  compare	  tachyzoites.64	  No	  detectable	  differences	  in	  dominant	  surface	  antigens	  NcSAG1	  and	  NCSRS2	  were	  detected	  across	  multiple	  bovine	  and	  canine	  isolates	  using	  immunoblot	  studies.	  Tachyzoite	  proteome	  and	  antigen	  profiling	  is	  however	  beginning	  to	  detect	  differences	  between	  isolates	  using	  two	  dimensional	  gel	  electrophoresis.	  This	  may	  lead	  to	  identification	  of	  isolate-­‐specific	  molecules	  associated	  with	  variations	  in	  pathogenicity.	  Investigations	  are	  now	  also	  beginning	  to	  identify	  major	  genetic	  diversity	  between	  isolates,	  most	  convincingly	  by	  mini-­‐	  and	  microsatellite	  analysis	  that	  has	  lead	  to	  the	  development	  of	  multiplex	  PCR	  using	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3	  minisatellites	  and	  3	  microsatellites,	  allowing	  the	  rapid	  assessment	  of	  genetic	  diversity	  within	  new	  isolates.	  A	  study	  looking	  for	  differences	  in	  18S-­‐like	  ribosomal	  DNA	  between	  strains	  did	  not	  detect	  differences,	  likely	  reflecting	  its	  slower	  evolutionary	  rate.	  	  Significant	  differences	  between	  strains	  of	  N.	  caninum	  in	  in	  vitro	  growth	  rates	  have	  been	  detected,	  most	  pronounced	  in	  the	  deer	  isolate	  N.	  caninum-­‐WTDVA-­‐1,	  taking	  127	  days	  in	  CV1	  cell	  cultures	  to	  produce	  tachyzoites	  and	  an	  average	  inter-­‐passage	  interval	  of	  greater	  than	  100	  days.64	  	  Isolate	  also	  influences	  the	  kinetics	  of	  antibody	  production	  in	  mice.	  For	  example,	  N.	  caninum-­‐Liverpool	  induces	  an	  earlier	  mouse	  IgG1	  response	  compared	  with	  N.	  caninum-­‐SweB1.	  Furthermore,	  in	  pregnant	  mice	  levels	  of	  IgG1	  and	  IgG2a	  induced	  by	  NC1	  are	  significantly	  higher	  when	  compared	  with	  N.	  caninum-­‐Spain	  1H.	  
Comparison	  with	  T.	  gondii	  
N.	  caninum	  and	  T.	  gondii	  are	  morphologically,	  genetically,	  antigenically,	  and	  biologically	  different.58	  While	  
N.	  caninum	  shares	  many	  morphological	  and	  biological	  features	  with	  T.	  gondii,	  both	  being	  tissue	  dwelling	  coccidia,	  there	  are	  differences	  in	  host	  preference	  and	  preferred	  mode	  of	  transmission.	  T.	  gondii	  is	  thought	  capable	  of	  infecting	  any	  warm-­‐blooded	  species,	  including	  humans,	  and	  transmission	  is	  predominantly	  horizontal	  via	  ingestion	  of	  sporulated	  oocytes	  or	  encysted	  bradyzoites.	  In	  contrast,	  N.	  caninum	  is	  thought	  to	  have	  a	  comparatively	  restricted	  though	  expanding	  intermediate	  host	  range,	  does	  not	  appear	  to	  be	  zoonotic,	  and	  transmission	  is	  predominantly	  vertical	  from	  dam	  to	  foetus.93	  Differentiation	  of	  T.	  gondii	  from	  N.	  caninum	  is	  difficult	  and	  unreliable	  on	  the	  basis	  of	  light	  microscopy	  alone,	  although	  morphological	  differences	  are	  reported	  (Table	  2.1).	  Definitive	  differentiation	  requires	  more	  specific	  assessment	  such	  as	  immunohistochemical	  labelling	  of	  tissues	  or	  electron	  microscopy.	  Comparative	  genomics	  and	  transcription	  analysis	  made	  possible	  by	  the	  genome	  sequencing	  of	  N.	  caninum	  and	  transcriptome	  sequencing	  of	  the	  invasive	  stages	  of	  both	  parasites	  suggest	  that	  they	  diverged	  from	  a	  common	  ancestor	  approximately	  28	  millions	  years	  ago	  and	  show	  highly	  conserved	  genomes	  and	  gene	  expression.93	  This	  study	  also	  allowed	  investigation	  of	  underlying	  differences	  contributing	  to	  divergent	  host	  ranges	  and	  transmission	  strategies.	  The	  principle	  surface	  antigen	  gene	  family	  (SRS)	  was	  the	  most	  divergent	  family.	  N.	  caninum	  shows	  expansion	  of	  the	  surface	  antigen	  gene	  family	  to	  be	  more	  than	  double	  that	  of	  T.	  gondii	  –	  although	  N.	  caninum	  uses	  fewer	  genes	  than	  T.	  gondii	  during	  the	  tachyzoite	  stage.	  These	  genes	  may	  therefore	  be	  of	  more	  importance	  in	  other	  lifecycle	  stages.	  It	  has	  been	  postulated	  that	  the	  more	  limited	  host	  range	  of	  N.	  caninum	  may	  relate	  to	  specialization	  of	  a	  small	  subset	  of	  SRS	  genes	  (fam7-­‐8	  architecture).	  A	  reduced	  role	  for	  T.	  gondii	  virulence	  factor	  orthologues	  in	  N.	  caninum	  was	  also	  found.	  Divergence	  of	  secreted	  virulence	  factors	  in	  N.	  caninum	  included	  the	  rhopy	  kinases,	  with	  the	  likely	  outcome	  being	  a	  loss	  of	  the	  ability	  to	  phosphorylate	  host	  immunity-­‐related	  GTPases	  as	  T.	  gondii	  does	  as	  a	  defense	  strategy,	  a	  key	  to	  its	  virulence.	  	  
Surface	  antigens	  
N.	  caninum	  antigens	  are	  genetically	  and	  immunologically	  distinct	  from	  those	  of	  T.	  gondii.58	  The	  two	  species	  also	  differ	  in	  their	  respective	  affinities	  for	  host	  cell	  surface	  glycosaminoglycans,	  which	  are	  the	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receptors	  used	  for	  cell	  adhesion	  and	  invasion.58	  N.	  caninum	  preferentially	  binds	  to	  chondroitin	  sulphate	  proteoglycan	  and	  T.	  gondii	  to	  heparansulphate	  residues.	  Antibodies	  raised	  to	  the	  bradyzoite-­‐specific	  BAG-­‐1	  (also	  called	  BAG-­‐5;	  a	  rabbit	  polyclonal)	  antigen	  react	  with	  proteins	  found	  in	  the	  bradyzoites	  of	  N.	  
caninum	  and	  T.	  gondii	  but	  not	  with	  tachyzoites	  of	  either	  parasite.94	  Immunohistochemistry	  using	  this	  antibody	  is	  therefore	  a	  specific	  marker	  of	  the	  bradyzoite	  stage	  of	  replication.	  
	  	  
Table 2.1. Comparison of N. caninum and T. gondii 
Feature N. caninum T. gondii 
Definitive host (common) Canines (domestic dog) Felines (domestic cat) 
Intermediate hosts identified Many Many more 
Major disease (species)58 Cattle Sheep 
Tachyzoite divisiona61 Endodyogeny Endodyogeny 
Proliferative phase Tachyzoites Tachyzoites 
Tissue cyst stage Yes Yes 
Development within a parasitophorous vacuole  
of host cell61 
Yes Yes 
Tissue cysts (generalisation)b Thick-walled Thin-walled 
Tachyzoite size Variable Variable 
Cyst size Variable Variable 
Major mode of transmission93 Highly-efficient vertical 
transmission (especially cattle)93 
Horizontal (especially feline-
rodent) 
Zoonosis No (not demonstrated) Yes 
Host range Initially thought more restricted, 
although rapidly expanding 
Any warm blooded vertebrate 
Description Tissue dwelling coccidian  
of phylum Apicomplexa 
Tissue dwelling coccidian of 
phylum Apicomplexa 
Tachyzoite rhoptries95 Electron-dense Electron lucent 
Antibodies cross reaction58 Do not cross react (excluding 
some serological tests) 
Do not cross react (excluding 
some serological tests) 
a As evidenced with transmission electron microscopy.61 
b Initial generalization, however refer to text for a more detailed discussion of the influences on cyst wall thickness in N. caninum. 
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Virulence	  factors	  of	  N.	  caninum	  	  Apicomplexan	  parasites	  have	  multiple	  strategies	  for	  cellular	  invasion	  and	  avoidance	  of	  intracellular	  killing.96	  Two	  of	  these	  include	  gaining	  access	  to	  cells	  via	  an	  active	  process	  of	  adhesion-­‐based	  motility	  known	  as	  gliding,	  and	  residing	  within	  a	  parasitiphorous	  vacuole	  once	  within	  cells	  to	  avoid	  host	  defenses.	  Much	  of	  the	  available	  information	  of	  apicomplexan	  virulence	  factors	  is	  derived	  from	  studies	  of	  T.	  gondii,	  with	  extrapolation	  to	  N.	  caninum.	  Tachyzoites	  of	  T.	  gondii	  multiply	  within	  cells,	  particularly	  macrophages.96	  The	  parasite	  enters	  host	  cells	  using	  this	  gliding	  mechanism	  to	  pass	  through	  a	  molecular	  junction	  in	  the	  cell	  membrane.	  This	  is	  an	  active	  process	  that	  results	  in	  formation	  of	  the	  parasitiphorous	  vacuole.	  The	  process	  does	  not	  trigger	  phagosome	  formation	  and	  maturation,	  and	  consequently	  the	  vacuole	  does	  not	  mature	  and	  fuse	  with	  lysosomes.	  As	  a	  result	  the	  parasite	  resides	  and	  replicates	  intracellularly	  while	  avoiding	  the	  actions	  of	  antibodies	  as	  well	  as	  oxidants	  and	  lysozymal	  enzymes.	  Parasites	  also	  produce	  perforin-­‐like	  molecules	  that	  permit	  escape	  from	  vacuoles	  and	  cells	  via	  permealisation	  of	  cell	  membranes.	  Furthermore,	  it	  appears	  that	  T.	  gondii	  derives	  benefit	  from	  the	  host	  immune	  response.	  Dendritic	  cells	  infected	  by	  the	  parasite	  are	  detected	  and	  destroyed	  by	  NK	  cells	  with	  release	  of	  tachyzoites.	  These	  organisms	  are	  then	  able	  to	  invade	  the	  same	  NK	  cells,	  which	  themselves	  are	  not	  targets	  for	  attack	  by	  other	  NK	  cells.96	  Other	  survival	  strategies	  observed	  of	  T.	  gondii	  within	  macrophages	  is	  the	  ability	  to	  promote	  macrophage	  apoptosis.	  T.	  gondii	  tachyzoites	  can	  also	  prevent	  the	  nuclear	  translocation	  of	  NF-­‐kB-­‐inhibiting	  pro-­‐inflammatory	  cytokine	  production.	  The	  evolution	  of	  a	  less	  antigenic	  lifecycle	  stage	  also	  serves	  as	  a	  survival	  strategy	  for	  the	  apicomplexan	  parasites	  –	  that	  is,	  the	  conversion	  of	  tachyzoites	  to	  a	  cyst	  form	  that	  contains	  bradyzoites.96	  In	  contrast	  to	  the	  tachyzoites,	  cysts	  are	  weakly	  antigenic	  and	  do	  not	  stimulate	  a	  host	  immune	  response.	  They	  can	  remain	  within	  host	  cells	  indefinitely,	  sometimes	  for	  years,	  in	  the	  absence	  of	  a	  host	  inflammatory	  response	  generally	  provoked	  by	  foreign	  bodies.	  	  
Infection	  and	  migration	  Strategies	  for	  dissemination	  of	  apicomplexan	  parasites	  appear	  conserved	  across	  species,	  and	  involve	  recruitment	  of	  host	  cells	  as	  carriers.	  A	  study	  in	  mice	  has	  shown	  that	  infected	  dendritic	  cells	  are	  used	  to	  facilitate	  the	  systemic	  dissemination	  and	  transplacental	  passage	  of	  N.	  caninum.97	  Using	  in	  vitro	  systems	  to	  mimic	  biological	  barriers	  in	  vivo,	  investigators	  showed	  that	  tachyzoites	  from	  N.	  caninum	  are	  able	  to	  transmigrate	  across	  restrictive	  cellular	  monolayers,	  not	  only	  powered	  by	  their	  own	  active	  gliding	  motility,	  but	  also	  by	  transportation	  in	  infected	  dendritic	  cells.	  Thus,	  it	  has	  been	  concluded	  that	  N.	  caninum	  is	  capable	  of	  exploiting	  the	  natural	  cell	  trafficking	  pathways	  in	  the	  host	  to	  cross-­‐cellular	  barriers	  and	  access	  immune-­‐privileged	  sites	  such	  as	  the	  brain	  and	  developing	  foetus,	  to	  promote	  dissemination	  of	  the	  parasite.	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Altered	  phenotype	  and	  promoting	  migration	  Similar	  to	  T.	  gondii,	  N.	  caninum	  possesses	  an	  ability	  to	  infect	  various	  host	  cells	  such	  as	  dendritic	  cells,	  macrophages	  and	  NK	  cells.97	  Furthermore,	  there	  is	  mounting	  evidence	  that	  it	  can	  also	  alter	  the	  host	  cell	  phenotype	  via	  effects	  on	  cytokine	  production,	  to	  promote	  migration	  and	  parasite	  dissemination.	  	  	  Parasite-­‐associated	  antigens	  also	  have	  the	  ability	  to	  attract	  host	  mononuclear	  cells	  to	  the	  site	  of	  primary	  infection.	  A	  recombinant	  form	  of	  the	  N.	  caninum	  cyclophilin	  (NcCyp),	  a	  cytosolic	  protein	  released	  from	  motile	  tachyzoites	  has	  been	  shown	  to	  cause	  the	  cysteine-­‐cysteine	  chemokine	  receptor	  5	  (CCR5)-­‐dependent	  migration	  of	  murine	  and	  bovine	  cells.98	  NcCyp	  release	  from	  these	  extracellular	  parasites	  is	  time-­‐dependent	  suggesting	  constitutive	  release	  and	  is	  consistently	  detected	  in	  tachyzoites	  distributed	  within	  brain	  lesion.	  In	  addition	  to	  this	  chemotactic	  potential,	  NcCyp	  has	  also	  been	  associated	  with	  T	  cell	  antigenic	  stimulatory	  activity	  and	  enhancement	  of	  IFN-­‐γ	  secretion.	  It	  is	  therefore	  possible	  that	  the	  parasite	  can	  control	  or	  alter	  the	  host	  immune	  response	  by	  infecting	  different	  immune	  cell	  types,	  such	  as	  NK	  cells,	  macrophages	  and	  dendritic	  cells.98	  Each	  of	  these	  cells	  display	  specific	  functions	  during	  the	  immune	  response	  to	  infection.	  It	  is	  proposed	  that	  modulating	  cell	  migration	  is	  a	  mechanism	  to	  enhance	  parasitic	  invasion	  and	  proliferation	  during	  the	  early	  stages	  of	  infection.	  It	  may	  also	  be	  a	  survival	  strategy	  used	  to	  prevent	  the	  parasite	  killing	  the	  host,	  by	  promoting	  recruitment	  of	  immune	  cells	  to	  the	  site	  of	  infection,	  invading	  these	  cells	  and	  then	  making	  use	  of	  their	  migratory	  properties	  for	  dissemination.	  Infected	  cells	  subsequently	  identified	  and	  destroyed	  by	  other	  host	  immune	  cells	  enhanced	  agent	  spread.98	  
Neosporosis	  –	  clinical	  disease,	  and	  gross	  and	  histological	  pathology	  	  Infection	  by	  the	  tissue	  cyst	  forming	  protozoa	  N.	  caninum	  results	  in	  neosporosis,	  primarily	  investigated	  within	  domestic	  dogs	  and	  cattle.	  Disease	  contributes	  to	  significant	  economic	  loss	  as	  a	  major	  aetiological	  contributor	  to	  bovine	  abortion	  and	  reproductive	  failure,	  and	  is	  also	  manifest	  as	  canine	  neuromuscular	  disease.	  Increasingly	  however,	  it	  is	  apparent	  that	  disease	  may	  also	  manifest	  in	  many	  other	  species.	  	  
Neosporosis	  –	  canine	  disease	  In	  canines	  N.	  caninum	  can	  infect	  a	  variety	  of	  cell	  types,	  with	  an	  affinity	  for	  neural	  and	  muscular	  tissues.61	  Tachyzoites	  are	  also	  often	  present	  within	  macrophages	  and	  polymorphonuclear	  cells.	  A	  strong	  affinity	  for	  cells	  of	  the	  monocyte-­‐macrophages	  system	  is	  assumed	  to	  assist	  spread	  to	  the	  neural	  tissues	  via	  leucocyte	  trafficking.	  Within	  the	  central	  nervous	  system	  (CNS),	  organisms	  can	  be	  seen	  within	  neurons	  and	  ependymal	  cells,	  cerebrospinal	  fluid	  (CSF)	  mononuclear	  cells,	  vascular	  endothelium,	  intimal	  connective	  tissue	  and	  smooth	  muscle	  cells	  of	  the	  tunica	  media.	  They	  may	  also	  be	  seen	  in	  the	  spinal	  nerves.	  Cyst	  formation	  is	  seen	  within	  the	  CNS,	  while	  tachyzoites	  have	  been	  detected	  in	  multiple	  other	  tissues.	  N.	  
caninum	  tachyzoites	  appear	  to	  induce	  a	  greater	  inflammatory	  response	  compared	  with	  those	  of	  T.	  gondii,	  and	  may	  also	  cause	  severe	  phlebitis	  and	  tissue	  necrosis.61	  CNS	  disease	  appears	  consistent	  with	  endothelial	  tropism	  resulting	  in	  vascular	  injury,	  tissue	  ischemia	  and	  multifocal	  infarction.	  Rupture	  of	  tissue	  cysts	  evokes	  a	  granulomatous	  inflammatory	  response.69	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Rapid	  intracellular	  replication	  by	  tachyzoites	  results	  in	  cell	  rupture	  or	  necrosis.69	  The	  acute	  stage	  of	  infection	  is	  associated	  with	  widespread	  tachyzoite	  dissemination	  to	  multiple	  organs.	  Restriction	  to	  neural	  and	  muscular	  tissue,	  especially	  brain,	  spinal	  cord,	  peripheral	  nerves,	  retina	  and	  diaphragm,	  occurs	  in	  chronically	  infected	  animals	  as	  a	  result	  of	  immune	  response.69	  Disease	  in	  dogs	  may	  be	  divided	  into	  abortive,	  generally	  mid-­‐	  to	  late-­‐term,	  and	  postnatal	  manifestations.61	  The	  majority	  of	  pups	  born	  to	  an	  infected	  dog	  may	  show	  clinical	  disease,	  or	  have	  subclinical	  disease	  with	  possible	  future	  reactivation.69	  Reactivation	  of	  disease	  in	  adult	  animals	  causing	  cutaneous,	  neural	  or	  muscular	  disease	  has	  occurred	  following	  immunosuppressive	  illness,	  or	  administration	  of	  modified	  live	  virus	  vaccines,	  cytotoxic	  agents	  or	  glucocorticoids.	  In	  utero	  transmission	  is	  important	  in	  dogs,	  with	  infected	  bitches	  likely	  to	  be	  chronic	  carriers	  of	  the	  parasite.61	  
N.	  caninum	  is	  an	  important	  cause	  of	  canine	  parasitic	  myopathy.	  Postnatal	  disease	  is	  commonly	  seen	  in	  young	  dogs	  less	  than	  6	  months	  of	  age	  as	  a	  rigid	  ascending	  lower	  motor	  neuron	  paralysis,	  primarily	  affecting	  the	  pelvic	  limbs.69	  Disease	  may	  be	  apparent	  from	  3-­‐9	  weeks	  of	  age.	  Clinically,	  infection	  causes	  a	  denervation	  muscular	  atrophy	  with	  subsequent	  muscle	  stiffness	  and	  rigidity,	  and	  joint	  ankylsosis	  and	  arthrogryposis.	  Progression	  is	  to	  cervical	  weakness,	  dysphagia,	  megaoesophagus	  and	  death.	  Disseminated	  disease	  in	  pups	  may	  be	  seen	  in	  thymus,	  liver,	  kidney,	  stomach,	  adrenal	  gland,	  and	  skin,	  as	  well	  as	  other	  tissues.	  Less	  common	  is	  CNS	  disease	  with	  additional	  polymyositis,	  myocarditis	  and	  dermatitis	  of	  older	  animals.61	  Older	  animals	  usually	  have	  reactivation	  of	  chronic	  subclinical	  disease	  and	  show	  a	  flaccid	  lower	  motor	  neuron	  paralysis	  associated	  with	  regional	  or	  generalised	  myositis.69	  Additionally,	  these	  animals	  may	  have	  CNS	  manifestations	  resulting	  from	  meningitis,	  encephalomyelitis	  or	  cerebellitis,	  and	  systemic	  signs	  resulting	  from	  pneumonia,	  myocarditis,	  pyogranulomatous	  dermatitis,	  oesophagomyositis,	  pancreatitis	  or	  hepatitis.	  	  Gross	  CNS	  lesions	  may	  be	  seen	  in	  white	  or	  grey	  matter	  –	  peracutely	  haemorrhagic	  and	  necrotic	  foci	  with	  a	  vascular	  pattern	  of	  distribution,	  becoming	  granular	  and	  yellow-­‐brown	  grey.61	  Histologically,	  neuromuscular	  disease	  is	  classified	  as	  encephalomyelitis,	  polyradiculoneutritis,	  ganglionitis,	  myositis	  and	  myofibrosis.	  Polyradiculoneutritis	  is	  a	  typical	  feature	  in	  pups	  while	  myositis	  includes	  focal	  necrosis	  to	  generalised	  inflammation	  of	  skeletal,	  oesophageal	  and	  cardiac	  muscle.	  Encephalomyelitis	  is	  non-­‐suppurative,	  with	  axonal	  degeneration	  and	  glial	  nodules.	  Cerebellar	  cortical	  necrosis	  and	  inflammation	  also	  occurs.	  Parasites	  are	  most	  frequently	  found	  in	  the	  cerebrum.	  Tissue	  cysts	  generally	  form	  in	  central	  or	  peripheral	  neural	  tissues	  while	  tachyzoites	  may	  be	  present	  in	  almost	  any	  tissue.	  The	  central	  spinal	  nerve	  roots	  are	  frequent	  sites	  of	  pathology	  in	  young	  dogs.	  	  Striated	  muscle	  lesions	  are	  seen	  grossly	  as	  multifocal	  streaks	  of	  necrosis,	  fibrosis	  and	  mineralisation,	  especially	  prominent	  within	  the	  diaphragm.69	  Histologically,	  muscle	  shows	  multifocal	  mixed	  inflammation	  and	  associated	  myofibre	  degeneration.	  Intracytoplasmic	  protozoal	  cysts	  may	  be	  present	  in	  low	  numbers	  or	  unapparent.	  	  A	  high	  index	  of	  suspicion	  for	  N.	  caninum	  infection	  is	  based	  on	  clinical	  signs;	  confirmation	  is	  available	  via	  serology	  to	  detect	  N.	  caninum	  antibodies	  or	  immunohistochemical	  labelling	  of	  tissues	  containing	  organisms.	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Neosporosis	  –	  bovine	  disease	  
N.	  caninum	  is	  a	  major	  cause	  of	  abortion	  in	  cattle.	  The	  most	  important	  source	  of	  transmission	  within	  the	  cattle	  industry	  is	  transplacental	  (vertical)	  spread	  from	  infected	  cow	  to	  foetus,	  which	  is	  subsequently	  at	  increased	  risk	  of	  abortion.99	  Other	  reproductive	  manifestations	  of	  neosporosis	  in	  cows	  include	  stillbirth	  and	  birth	  of	  congenitally	  infected	  and	  clinically	  weak	  calves.	  Infected	  cows	  may	  also	  produce	  clinically	  normal	  and	  non-­‐infected	  offspring.	  Vertical	  transmission	  effectively	  maintains	  parasite	  infection	  over	  multiple	  generations.	  Abortion	  is	  likely	  due	  to	  either	  protozoal	  replication	  causing	  direct	  foetal	  tissue	  damage,	  or	  a	  manifestation	  of	  placental	  insufficiency	  due	  to	  direct	  damage	  or	  the	  effects	  of	  the	  pro-­‐inflammation	  cytotoxic	  host	  response.73	  Studies	  in	  N.	  caninum-­‐infected	  mice	  failing	  to	  show	  tachyzoites	  within	  aborted	  placental	  and	  foetal	  tissue	  suggest	  transmission	  of	  tachyzoites	  across	  the	  placenta	  is	  not	  a	  prerequisite	  for	  abortion,	  and	  that	  the	  host	  response	  is	  a	  significant	  factor	  in	  foetal	  death	  	  and	  abortion.100-­‐102	  	  Typically,	  infected	  foetuses	  are	  3-­‐9	  months	  of	  age	  and	  show	  no	  gross	  lesions,	  except	  rare	  instances	  of	  myocarditis-­‐associated	  heart	  failure.	  Similarly,	  gross	  placental	  lesions	  are	  not	  seen.61	  Histologically,	  foetal	  pathology	  includes	  multifocal	  encephalomalacia	  or	  microglial	  perivascular	  cuffing.61	  Tachyzoites	  may	  be	  extracellular	  or	  intracellular	  within	  glial	  or	  endothelial	  cells.	  	  There	  may	  also	  be	  multifocal	  epicarditis,	  myocarditis	  or	  endocarditis	  with	  intracellular	  myocardial	  or	  endothelial	  parasites;	  lymphocytic	  portal	  hepatitis,	  multifocal	  hepatocellular	  necrosis,	  and	  fibrin	  thrombi	  of	  hepatic	  sinusoids	  occur.	  Focal	  lymphocytic	  placentitis	  may	  also	  be	  seen.	  The	  outcome	  of	  infection	  in	  pregnant	  cattle	  is	  associated	  with	  stage	  of	  gestation	  and	  the	  immune	  status	  of	  the	  cow	  and	  foetus,	  as	  discussed	  below.67	  Primary	  exogenous	  infection	  during	  pregnancy	  is	  associated	  with	  a	  3-­‐7	  times	  greater	  risk	  of	  abortion	  compared	  with	  non-­‐infected	  animals.99,103	  In	  addition,	  once	  an	  animal	  has	  aborted	  as	  a	  result	  of	  primary	  infection	  she	  is	  less	  likely	  to	  abort	  again	  in	  subsequent	  pregnancies	  as	  a	  result	  of	  infection	  by	  the	  parasite,	  compared	  with	  cows	  showing	  primary	  infection	  during	  their	  first	  pregnancy.99	  It	  has	  also	  been	  demonstrated	  that	  exposing	  cattle	  to	  N.	  caninum	  prior	  to	  pregnancy	  can	  protect	  against	  vertical	  transmission	  resulting	  from	  a	  subsequent	  experimental	  exposure	  to	  N.	  caninum	  during	  pregnancy.104	  The	  pregnant	  state	  is	  associated	  with	  a	  shift	  in	  the	  Th1:Th2	  balance	  in	  favour	  of	  the	  latter	  and	  a	  reduction	  in	  Th1	  responses.	  It	  is	  therefore	  possible	  that	  disease	  associated	  with	  a	  strong	  Th1	  response	  may	  shift	  the	  balance	  back,	  with	  a	  consequent	  compromise	  of	  pregnancy	  and	  increased	  risk	  of	  abortion.96	  Such	  disease	  includes	  protozoan	  infection,	  as	  discussed	  below.	  	  In	  cattle,	  protozoal	  myopathy	  is	  generally	  restricted	  to	  foetal	  infection,	  where	  it	  can	  cause	  multifocal	  non-­‐suppurative	  inflammation	  of	  skeletal	  muscle	  as	  well	  a	  heart	  and	  brain.61	  Adults	  generally	  do	  not	  show	  clinical	  disease	  in	  the	  form	  of	  myopathy.	  
Neosporosis	  –	  experimental	  mouse	  disease	  Various	  mouse	  models	  have	  been	  used	  to	  investigate	  neosporosis	  since	  the	  first	  identification	  of	  the	  parasite.	  The	  initial	  development	  of	  a	  mouse	  model	  was	  conducted	  by	  Lindsay	  and	  Dubey	  in	  1989	  in	  Swiss	  white	  outbred	  female	  mice	  receiving	  various	  dosage	  combinations	  of	  subcutaneous	  inoculation	  of	  N.	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caninum	  tachyzoites	  and	  methylprednisolone	  acetate	  (MPA).105	  Clinical	  signs	  were	  only	  observed	  in	  mice	  immunosuppressed	  with	  MPA.	  Those	  animals	  receiving	  the	  highest	  MPA	  dose	  of	  4mg	  developed	  disseminated	  disease	  and	  died	  or	  were	  euthanised	  11-­‐13	  days	  post	  inoculation	  with	  acute	  pneumonia,	  severe	  polymyositis,	  encephalitis,	  hepatitis	  and	  pancreatitis.	  Signs	  such	  as	  decreased	  activity	  were	  apparent	  from	  6	  days	  post	  infection	  and	  early	  microscopic	  changes	  were	  reported	  as	  multifocal	  hepatocellular	  necrosis	  with	  neutrophilic	  infiltration	  and	  fewer	  lymphocytes.	  Microscopic	  findings	  in	  animals	  dying	  from	  8-­‐18	  days	  included	  necrosis	  within	  multiple	  visceral	  organs	  and	  mixed	  leucocyte	  infiltration.	  Severe	  myositis	  of	  myocardium	  and	  various	  skeletal	  muscles	  contained	  scarce	  tachyzoites,	  while	  large	  intracellular	  aggregates	  of	  zoites	  away	  from	  these	  lesions	  were	  not	  associated	  with	  the	  inflammatory	  changes.	  	  Milder	  disease	  was	  observed	  in	  animals	  receiving	  a	  lower	  dose	  of	  2mg	  of	  MPA	  and	  was	  predominantly	  neurological	  in	  nature	  –	  encephalitis	  and	  ganglioradiculoneuritis	  with	  microscopic	  evidence	  of	  multifocal	  necrosis,	  gliosis,	  perivascular	  cuffing	  and	  occasional	  haemorrhage	  within	  brain	  and	  spinal	  cord.	  Milder	  pneumonia	  and	  polymyositis	  were	  also	  observed.	  Tissue	  cysts	  were	  only	  observed	  in	  this	  group,	  were	  only	  noted	  within	  the	  brain,	  and	  were	  not	  detected	  until	  21	  days	  post	  inoculation.	  Serum	  N.	  caninum	  specific	  IgG	  antibodies	  were	  detected	  in	  all	  mice	  inoculated	  with	  tachyzoites,	  commencing	  at	  day	  9	  and	  peaking	  at	  21-­‐36	  days	  post	  inoculation.	  Non-­‐MPA-­‐treated	  mice	  of	  this	  strain	  inoculated	  with	  this	  isolate	  of	  
N.	  caninum	  did	  not	  develop	  clinical	  disease	  and	  the	  parasite	  was	  not	  observed	  in	  tissue	  specimens.	  	  A	  later	  publication	  described	  the	  pathological	  and	  immunological	  findings	  in	  wild	  type	  BALB/c	  and	  athymic	  nude	  (BALB/c	  nu/nu)	  mice	  intraperitoneally	  inoculated	  with	  2	  x	  105	  tachyzoites	  of	  the	  JPA1	  isolate	  of	  N.	  caninum.106	  While	  wild	  type	  mice	  were	  resistant	  to	  disease	  and	  displayed	  no	  clinical	  signs,	  the	  athymic	  mice	  developed	  clinical	  signs	  at	  18-­‐20	  days	  post	  inoculation	  and	  died	  within	  2-­‐5	  days	  with	  death	  by	  28	  days	  in	  all	  animals.	  This	  occurred	  despite	  the	  animals	  developing	  high	  levels	  of	  serum	  IFN-­‐γ	  and	  IL-­‐6,	  the	  latter	  presumably	  in	  response	  to	  significant	  tissue	  inflammation.	  	  Clinical	  signs	  associated	  with	  development	  of	  acute	  systemic	  neosporosis	  in	  the	  inbred	  mice	  were	  typically	  neurological	  –	  ataxia,	  stiffness,	  and	  tetraplegia.	  Grossly,	  severe	  generalised	  lymphadenomegaly	  was	  observed.	  Histologically,	  necrosis	  was	  a	  key	  feature	  of	  disease	  with	  tachyzoites	  frequently	  observed	  within	  endothelial	  cells	  of	  capillaries	  and	  venules,	  or	  within	  intravascular	  mononuclear	  or	  polymorphonuclear	  cells	  within	  these	  foci.	  Extensive	  multifocal	  pancreatic	  acinar	  cell	  necrosis	  with	  mild	  inflammation	  was	  a	  significant	  finding.	  Proliferating	  intracellular	  tachyzoites	  were	  observed	  within	  acinar	  and	  intercalated	  duct	  epithelium	  cells	  within	  the	  pancreas,	  parietal	  and	  chief	  cells	  in	  the	  gastric	  mucosa,	  and	  pulmonary	  alveolar	  epithelium.	  Random	  cerebral	  and	  cerebellar	  lesions	  were	  also	  described.	  However,	  tissue	  cysts	  were	  not	  observed.	  Associated	  histiocytic,	  neutrophilic	  and	  lymphocytic	  inflammation	  was	  mild	  to	  moderate.	  No	  such	  observations	  were	  made	  in	  the	  wild	  type	  animals.	  Subsequent	  to	  these	  initial	  investigations	  in	  immunocompromised	  mice,	  various	  models	  of	  disease	  using	  immunocompetent	  susceptible	  rodent	  species	  have	  been	  used	  to	  define	  the	  host	  response.	  These	  include	  Mongolian	  gerbils	  (Meriones	  unguiculatus),	  Djungarian	  hamsters	  (Pphodopus	  sungorus),	  Tristram’s	  jirds	  (Meriones	  tristrami),	  sand	  rats	  (Psammomys	  obesus),	  multimammate	  rats	  (Mastomys	  natalensis)	  and	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Wagner’s	  gerbils	  (Gerbillus	  dasyurus).107-­‐110	  Findings	  are	  included	  in	  the	  discussion	  section	  of	  host	  immune	  response	  in	  the	  mouse.	  	  Of	  interest	  to	  the	  current	  study	  is	  the	  characterisation	  of	  disease	  produced	  in	  BALB/c	  mice	  using	  the	  NC-­‐Nowra	  isolate.90	  Subcutaneous	  inoculation	  in	  6-­‐8	  week	  old	  mice	  with	  104	  or	  106	  tachyzoites	  with	  the	  NC-­‐Nowra	  isolate	  showed	  it	  was	  less	  pathogenic	  than	  the	  NC-­‐Liverpool	  isolate.	  Pathology	  included	  multifocal	  nonsuppurative	  to	  necrotising	  encephalitis,	  although	  only	  40%	  of	  infected	  animals	  displayed	  moderate	  to	  severe	  disease.	  Survival	  rate	  was	  70%.	  Although	  cross	  study	  comparisons	  introduce	  additional	  variables,	  these	  results	  contrast	  with	  the	  lack	  of	  clinical	  signs	  observed	  in	  wild	  type	  BALB/c	  mice	  inoculated	  with	  2	  x	  105	  tachyzoites	  of	  the	  JPA1	  isolate	  as	  controls	  in	  the	  previously	  described	  investigation	  of	  disease	  induced	  in	  athymic	  nude	  (BALB/c	  nu/nu)	  mice.106	  	  
Neosporosis	  –	  marsupial	  disease	  There	  are	  few	  reports	  of	  naturally	  occurring	  neosporosis	  in	  marsupials	  (Table	  2.2),	  in	  contrast	  to	  reports	  of	  toxoplasmosis	  in	  these	  species.	  Furthermore,	  there	  is	  a	  limited	  understanding	  of	  disease	  transmission	  within	  marsupials.111	  An	  inability	  to	  detect	  antibodies	  to	  N.	  caninum	  in	  the	  North	  American	  opossum	  (Didelphis	  virginiana)	  using	  IFAT	  prompted	  the	  suggestion	  that	  these	  animals	  are	  not	  a	  significant	  part	  of	  the	  sylvatic	  lifecycle	  for	  this	  parasite.112	  This	  finding	  contrasted	  with	  an	  earlier	  IFAT	  seroprevalence	  study	  detecting	  a	  21.2%	  (84/396)	  incidence	  in	  South	  American	  opossums	  (Didelphis	  marsupialis)	  from	  the	  Sao	  Paulo	  region	  of	  Brazil.113	  A	  study	  investigating	  seroprevalence	  in	  142	  urban	  common	  brushtail	  possums	  (Trichosurus	  vulpecula)	  captured	  in	  Sydney,	  Australia	  failed	  to	  detect	  a	  single	  seropositive	  animal.114	  The	  authors	  suggested	  that	  this	  population	  had	  not	  been	  exposed	  to	  the	  parasite,	  given	  that	  6.3%	  of	  animals	  were	  seropositive	  for	  T.	  gondii.	  	  	  A	  recent	  report	  of	  marsupial	  neosporosis	  described	  necrotising	  myocarditis	  in	  a	  captive	  parma	  wallaby	  (Macropus	  parma)	  contributing	  to	  sudden	  death.111	  Pathology	  was	  described	  as	  moderate	  multifocal	  disaggregation,	  hyaline	  degeneration	  and	  necrosis	  of	  the	  myocardial	  fibres	  with	  minimal	  haemorrhage	  and	  mild	  macrophage	  infiltration,	  and	  mild	  multifocal	  interstitial	  myocarditis,	  and	  occasional	  groups	  of	  intracellular	  protozoal	  organisms	  not	  associated	  with	  areas	  of	  pathology.	  These	  were	  subsequently	  confirmed	  as	  N.	  caninum	  by	  positive	  immunohistochemical	  labelling.	  	  Details	  of	  the	  histopathology	  associated	  with	  experimental	  infection	  of	  S.	  crassicaudata,	  the	  fat-­‐tailed	  dunnart,	  have	  also	  been	  published	  recently.115	  Experimental	  infection	  of	  this	  species	  is	  noteworthy	  for	  the	  extensive	  tissue	  cyst	  production.	  Tissue	  cyst	  formation	  determines	  if	  an	  animal	  can	  serve	  as	  an	  intermediate	  host.	  In	  summary,	  intraperitoneal	  injection	  of	  105	  tachyzoites	  of	  N.	  caninum	  resulted	  in	  severe	  clinical	  signs	  necessitating	  euthanasia	  of	  all	  6	  animals	  13-­‐18	  days	  post	  inoculation.	  Infected	  dunnarts	  displayed	  a	  decreased	  appetite	  from	  4	  days	  post	  inoculation	  and	  decreased	  activity	  levels	  by	  6-­‐10	  days.	  Severe	  clinical	  signs	  including	  sudden	  onset	  lethargy	  and	  progressive	  hind	  limb	  paralysis	  were	  noted	  1-­‐3	  days	  prior	  to	  euthanasia,	  and	  severe	  urinary	  incontinence	  was	  observed	  on	  or	  the	  day	  prior	  to	  euthanasia.	  Seroconversion	  in	  animals	  surviving	  long	  enough	  was	  14-­‐18	  days	  post	  inoculation.	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At	  post	  mortem	  infected	  animals	  were	  in	  comparably	  poor	  body	  condition	  versus	  control	  animals,	  based	  on	  substantially	  reduced	  subcutaneous	  interscapular	  and	  leg	  adipose	  tissue	  and	  a	  significant	  reduction	  in	  tail	  fat	  deposits.	  Immunohistochemical	  labelling	  confirmed	  multiple	  free	  zoites	  within	  heart,	  lung,	  pancreas,	  spleen,	  mesenteric	  lymph	  node,	  adrenal	  gland,	  urinary	  bladder	  and	  skeletal	  muscle.	  Multiple	  cysts	  were	  identified	  in	  heart,	  lung,	  pancreas,	  adrenal	  gland,	  urinary	  bladder	  and	  skeletal	  muscle.	  	  Organisms	  were	  also	  identified	  in	  brain,	  accessory	  sex	  glands,	  gall	  bladder	  wall	  and	  liver,	  gastric	  wall	  and	  within	  intestinal	  enterocytes;	  although	  fewer	  stages	  were	  present	  in	  brain	  and	  accessory	  sex	  glands.	  Organisms	  were	  not	  found	  in	  kidney,	  eye	  or	  spinal	  cord.	  Multiple	  cysts	  and	  free	  zoites	  were	  especially	  prominent	  in	  heart,	  striated	  muscle,	  bladder	  smooth	  muscle	  and	  exocrine	  pancreas.	  Organisms	  within	  the	  brain	  stem	  were	  seen	  as	  free	  zoites	  rather	  than	  cysts.	  Free	  zoites	  were	  described	  as	  2-­‐5µm	  and	  banana-­‐shaped.	  	  Associated	  histopathological	  changes	  were	  mild	  to	  marked,	  including	  severe	  multifocal	  pancreatic,	  skeletal	  muscle,	  and	  bladder	  detrusor	  smooth	  muscle	  necrosis	  with	  an	  infiltrate	  of	  degenerate	  neutrophils	  and	  fewer	  macrophages.	  Similar	  infiltrates	  associated	  with	  less	  severe	  tissue	  degeneration	  were	  noted	  in	  adrenal	  gland,	  myocardium	  and	  pulmonary	  interstitium.	  Peritonitis	  was	  associated	  with	  multifocal	  serosal	  thickening	  of	  abdominal	  viscera.	  	  Contrasts	  to	  pathology	  reported	  in	  gerbils	  and	  rodents	  were	  noted	  as	  reduced	  brain	  involvement,	  lack	  of	  bronchopneumonia,	  and	  previously	  unreported	  involvement	  of	  pancreas,	  adrenal	  gland	  and	  urinary	  bladder.	  Similarities	  were	  noted	  to	  toxoplasmosis	  causing	  disseminated	  disease	  of	  magpie	  geese,	  in	  which	  liver	  cysts,	  pancreatic	  disease	  and	  adrenal	  disease	  were	  seen,	  and	  myocardial	  pathology	  in	  koalas.115-­‐117	  An	  apparent	  absence	  of	  indicative	  histopathological	  findings	  prior	  to	  13	  days	  post	  inoculation	  was	  also	  noted.	  Two	  animals	  fed	  N.	  caninum	  oocysts	  did	  not	  show	  clinical	  signs	  of	  disease	  or	  seroconvert	  by	  day	  46,	  although	  immunohistochemical	  assessment	  suggested	  cyst	  and	  zoites	  within	  spleen	  of	  one	  of	  these	  animals,	  and	  PCR	  detected	  N.	  caninum	  DNA	  within	  brain	  of	  the	  other	  animal.	  	  
Toxoplasmosis	  in	  marsupials	  Australian	  marsupial	  species,	  together	  with	  the	  New	  World	  monkeys	  of	  South	  America	  and	  the	  prosimian	  species	  of	  Madagascar	  such	  as	  lemurs,	  appear	  to	  be	  among	  the	  most	  susceptible	  intermediate	  hosts	  to	  toxoplasmosis,	  and	  by	  association	  perhaps	  protozoal	  disease	  more	  generally.39,115,118-­‐120	  In	  contrast	  with	  neosporosis,	  reports	  of	  naturally	  occurring	  toxoplasmosis	  in	  marsupials	  are	  plentiful	  –	  consequently	  these	  cases	  will	  be	  reviewed	  in	  further	  detail.	  Toxoplasmosis	  occurs	  commonly	  in	  captive	  as	  well	  as	  wild	  marsupials.121	  Early	  reports	  of	  toxoplasmosis	  include	  those	  in	  the	  Rottnest	  quokka	  (Setonix	  brachyurus)	  in	  1966.122	  As	  with	  other	  intermediate	  hosts	  disease	  may	  be	  the	  result	  of	  primary	  infection	  of	  a	  naïve	  animal	  or	  due	  to	  recrudescence	  in	  a	  chronically	  infected	  animal	  during	  a	  time	  of	  stress	  or	  immunocompromise.123,124	  Toxoplasmosis	  manifests	  as	  variably	  severe	  disease	  and	  clinical	  signs	  in	  different	  species,	  from	  asymptomatic	  subclinical	  infection	  to	  severe	  multisystem	  disease.125	  However,	  as	  will	  be	  seen	  from	  the	  studies	  below,	  sudden	  death	  in	  the	  absence	  of	  any	  clinical	  signs,	  or	  peracute	  disease	  with	  lethargy	  and	  respiratory	  distress	  are	  common.123	  Animals	  surviving	  longer	  periods	  may	  also	  show	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diarrhoea,	  weight	  loss,	  blindness	  and	  neurological	  signs.	  In	  the	  wild	  infection	  increases	  the	  risk	  of	  predation	  and	  has	  been	  associated	  with	  the	  decline	  of	  wild	  populations	  of	  marsupial	  species.124	  	  
Table 2.2. Summary of published reports of neosporosis in marsupials 
Host Species Location and 
population type 
Study and tissues Findings Reference 
Parma Wallaby 
(Macropus parma) 
Vienna, Austria 
(Vienna Zoo) – 
captive  
Death investigation Sudden death; 
necrotising 
myocarditis 
Cronstedt-Fell A et al., 
2012111 
Fat-tailed dunnart 
(Sminthopsis 
crassicaudata) 
Sydney, Australia - 
captive 
Proof of concept – 
intraperitoneal and 
oral inoculation 
Lethargy, decreased 
appetite and weight 
loss, progressive hind 
limb paralysis, urinary 
incontinence; 
multifocal necrosis 
and infiltration of 
neutrophils and 
macrophages 
affecting many tissues 
(see text) 
King JS et al., 2011115 
North American 
opossum (Didelphis 
virginiana) 
Southern Louisiana, 
USA - wild 
Seroprevalence 
investigation using 
indirect fluorescent 
antibody test 
0% (0/30) Houk AE et al., 
2010112 
South American 
opossum (Didelphis 
marsupialis) 
Sao Paulo, Brazil – 
urban wild 
Seroprevalence 
investigation using 
indirect fluorescent 
antibody test 
21.2% (84/396) Yai LE et al., 2003113 
Common brushtail 
possum (Trichosurus 
vulpecula) 
Sydney, Australia – 
urban wild 
Seroprevalence study 
using a modified 
agglutination test  
0% (0/142) Eymann J et al., 
2006114 
	  In	  wallabies,	  T.	  gondii	  infection	  frequently	  results	  in	  acute	  toxoplasmosis	  seen	  as	  respiratory,	  gastrointestinal	  or	  nervous	  system	  signs	  and	  resulting	  in	  death	  within	  hours	  to	  days.125	  Chronic	  disease	  with	  recrudescence	  and	  sudden	  death	  without	  preceding	  signs	  are	  also	  reported.118	  Acute	  toxoplasmosis	  with	  multifocal	  necrosis	  due	  to	  uncontrolled	  tachyzoite	  replication	  is	  the	  most	  common	  disease	  in	  wallabies,	  independent	  of	  the	  genotype	  (virulence)	  of	  the	  agent	  or	  the	  route	  of	  infection.	  Multiple	  authors	  have	  attributed	  this	  high	  susceptibility	  to	  an	  absence	  of	  naturally	  acquired	  evolutionary	  protection.39,121,125-­‐127	  In	  the	  case	  of	  toxoplasmosis	  in	  Australian	  marsupials	  this	  is	  due	  to	  their	  lack	  of	  evolutionary	  exposure	  to	  native	  felids	  prior	  to	  European	  settlement.	  Likewise,	  the	  arboreal	  nature	  of	  the	  New	  World	  monkeys	  and	  the	  isolation	  of	  the	  Madagascan	  lemurs	  accounts	  for	  their	  lack	  of	  exposure	  to	  felids	  and	  their	  faeces.39	  A	  similar	  argument	  has	  been	  made	  for	  an	  increased	  susceptibility	  to	  neosporosis	  due	  to	  an	  absence	  of	  a	  native	  canid	  host	  prior	  to	  the	  relatively	  recent	  arrival	  of	  the	  dingo	  approximately	  5000	  years	  ago.	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Having	  said	  this,	  levels	  of	  seroconversion	  recorded	  in	  wallaby	  species	  suggests	  that	  not	  all	  exposed	  animals	  succumb	  to	  acute	  disease.	  Seropositivity	  has	  been	  previously	  evaluated	  in	  free-­‐ranging	  Red-­‐necked	  wallabies	  (Macropus	  rufogriseus),	  Tasmanian	  pademelons	  (Thylogale	  billardierii)	  (8.5%),	  and	  bridled	  nailtail	  wallabies	  (Onychogalea	  fraenata)	  (15%).118,121	  Furthermore,	  an	  increased	  susceptibility	  to	  
T.	  gondii	  has	  also	  been	  suggested	  for	  wallabies	  compared	  with	  kangaroos.128,129	  Consistent	  with	  the	  high	  sensitivity	  of	  wallabies	  to	  T.	  gondii	  are	  deaths	  documented	  at	  Budapest	  Zoo	  and	  Botanical	  Garden	  between	  June	  2006	  and	  July	  2010.	  Immunohistochemical	  testing	  detected	  T.	  gondii	  in	  6	  Tamar	  wallabies,	  and	  T.	  gondii-­‐like	  organisms	  morphologically	  indistinguishable	  from	  N.	  caninum	  in	  another	  4	  animals.	  In	  another	  11	  animals	  T.	  gondii	  could	  not	  be	  excluded	  as	  the	  cause	  of	  death.118	  Cases	  of	  toxoplasmosis	  confirmed	  on	  the	  basis	  of	  positive	  immunohistochemistry	  were	  associated	  with	  the	  following	  pathology	  to	  a	  variable	  extent	  in	  individual	  animals:	  interstitial	  pneumonia	  with	  focal	  necrosis,	  hyperaemia	  and	  oedema,	  with	  or	  without	  T.	  gondii-­‐like	  cysts	  (basophilic	  cysts	  with	  ovoid	  to	  elongate	  formation)	  or	  organisms;	  multifocal,	  periportal	  hepatitis	  with	  or	  without	  multifocal	  necrosis	  and	  mineralised	  granuloma	  formation;	  pronounced	  splenic	  lymphoid	  depletion	  and	  splenic	  congestion;	  severe	  acute	  focal	  or	  multifocal	  myocarditis,	  myocardial	  oedema	  and	  hyperaemia;	  encephalitis	  with	  multifocal	  gliosis	  and	  multiple	  T.	  gondii	  cysts	  and	  tachyzoites;	  and	  severe	  eosinophilic	  and	  necrotising	  enteritis	  with	  or	  without	  T.	  gondii	  -­‐like	  cysts.	  Disease	  suspected	  to	  be	  associated	  with	  T.	  gondii	  infections	  but	  not	  confirmed	  by	  immunohistochemistry	  was	  associated	  with	  similar	  histological	  lesions	  as	  well	  as	  lymphocytic-­‐plasmacytic	  enteritis,	  acute	  glomerulonephrosis	  and	  tubulonephrosis,	  and	  shock.	  Clinically	  these	  animals	  died	  prior	  to	  displaying	  clinical	  signs,	  or	  showed	  weakness,	  depression,	  diarrhoea,	  respiratory	  and/or	  nervous	  system	  signs.	  Recrudescence	  of	  latent	  disease	  was	  also	  suspected	  to	  have	  occurred	  in	  two	  wallabies.118	  	  Multiple	  earlier	  surveys	  had	  already	  highlighted	  the	  high	  susceptibility	  of	  marsupials,	  and	  in	  particular	  dasyurid	  species,	  to	  toxoplasmosis.	  In	  1975,	  Attwood	  et	  al.	  reported	  the	  high	  prevalence	  of	  toxoplasmosis	  in	  8	  of	  9	  species	  of	  dasyurid	  marsupials	  in	  an	  extensive	  histopathological	  survey	  of	  240	  individuals.2	  Infection	  was	  assessed	  as	  the	  presence	  of	  at	  least	  one	  protozoal	  cyst	  in	  any	  examined	  tissue.	  An	  overall	  infection	  rate	  of	  51%	  across	  all	  species	  was	  seen.	  Cysts	  were	  described	  as	  round,	  50-­‐120µm	  diameter,	  and	  having	  a	  non-­‐septate	  capsule	  demonstrable	  by	  silver	  impregnation.	  Periodic	  acid-­‐Schiff	  staining	  highlighted	  the	  cytoplasmic	  fuchsinophila	  of	  individual	  organisms.	  Positive	  staining	  of	  individual	  organisms	  was	  also	  seen	  with	  Giemsa	  and	  Gram	  stains	  (Gram	  negative).	  Free	  zoites	  were	  crescentic	  or	  cigar-­‐shaped,	  and	  3µm	  long	  x	  1µm	  wide.	  Across	  the	  8	  species	  infected	  prevalence	  was	  56%,	  with	  brain	  (42%),	  spinal	  cord	  (especially	  large	  anterior	  horn	  cells	  and	  spinal	  ganglia)	  (53%),	  heart	  (38%)	  and	  adrenal	  gland	  (27%)	  the	  most	  commonly	  infected	  organs.	  In	  contrast,	  the	  liver	  (4%),	  pancreas	  (3%),	  spleen	  (1%)	  and	  kidneys	  (0%	  -­‐	  single	  cyst	  seen	  at	  pelvicoureteral	  junction)	  were	  uncommon	  sites	  for	  cysts.	  Cysts	  were	  also	  observed	  in	  muscle,	  including	  in	  neck,	  pericranial	  and	  paravertebral	  muscle,	  and	  muscle	  coats	  of	  the	  stomach,	  oesophagus	  and	  urinary	  bladder.2	  Outward	  signs	  of	  clinical	  disease	  were	  infrequently	  observed,	  despite	  large	  numbers	  of	  cysts	  being	  found	  in	  multiple	  organs	  and	  these	  often	  inciting	  a	  significant	  host	  inflammatory	  response.	  Histological	  changes	  were	  reported	  in	  the	  eye	  (retinochoroiditis,	  chronic	  iridocyclitis)	  and	  spinal	  cord	  (meningomyelitis	  with	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cysts	  often	  replacing	  anterior	  horn	  cells),	  the	  latter	  contributing	  to	  paralysis	  and	  paresis	  often	  involving	  one	  or	  both	  hind	  limbs.	  	  Endemic	  infection	  of	  field	  animals	  was	  seen	  in	  Dasyuroides	  byrnei,	  although	  infection	  was	  not	  seen	  in	  animals	  less	  than	  6	  months	  of	  age	  and	  laboratory	  infection	  in	  this	  species	  was	  attributed	  to	  feeding	  of	  raw	  sheep	  tissues.	  Histological	  findings	  reported	  within	  individuals	  of	  the	  D.	  byrnei	  and	  D.cristicauda	  species	  included	  meningitis,	  meningoencephalomyelitis	  with	  radiculitis	  and	  ganglionitis,	  focal	  myocarditis	  and	  myocardial	  mineralisation,	  cerebral	  cysts,	  granulomatous	  encephalitis	  and	  myocarditis,	  cerebral	  meningitis,	  granulomatous	  myelitis,	  cerebrovascular	  cuffing,	  cerebellar	  granuloma,	  granulomatous	  meningomyelitis,	  necrotising	  adrenalitis,	  and	  focal	  myelitis.2	  Neither	  maintained	  wild-­‐caught	  nor	  reared	  Antechinus	  stuartii	  were	  infected	  with	  T.	  gondii	  cysts	  prompting	  suggestions	  that	  some	  innate	  immunity	  to	  disease	  may	  be	  present	  in	  this	  species	  of	  marsupial.	  The	  authors	  also	  suggested	  that	  altered	  host	  resistance	  across	  species,	  including	  within	  the	  dasyurid	  species,	  related	  to	  the	  incidence	  of	  toxoplasmosis.2	  Species	  variability	  is	  further	  supported	  more	  recently	  by	  a	  suggestion	  that	  one	  marsupial	  species,	  the	  Eastern	  barred	  bandicoot	  does	  not	  survive	  primary	  infection	  with	  T.	  gondii.	  This	  is	  based	  on	  a	  survey	  in	  which	  more	  than	  95%	  of	  animals	  were	  seronegative,	  with	  seropositive	  animals	  not	  being	  recaptured	  in	  subsequent	  surveys,	  and	  experimental	  oral	  inoculation	  with	  100	  oocysts	  being	  fatal	  in	  2	  cases	  at	  15-­‐17	  days	  post	  inoculation.130	  Supporting	  findings	  from	  the	  1975	  survey	  were	  results	  from	  another	  extensive	  review	  of	  toxoplasmosis	  and	  associated	  lesions	  in	  Australian	  marsupials	  performed	  by	  Canfield	  et	  al.	  in	  1990.39	  The	  study	  of	  43	  animals	  included	  macropods,	  wombats,	  koalas,	  possums,	  dasyurids,	  numbats,	  bandicoots	  and	  a	  bilby.	  Clinically,	  animals	  showed	  sudden	  death	  or	  signs	  of	  respiratory,	  neurological	  or	  enteric	  disease.	  Gross	  findings	  were	  frequently	  absent:	  although	  when	  present	  most	  commonly	  included	  pulmonary	  congestion,	  oedema	  and	  consolidation;	  adrenal	  enlargement	  and	  reddening;	  gastrointestinal	  haemorrhage	  and	  ulceration;	  pancreatic	  swelling;	  brain	  malacia;	  and,	  lymphadenomegaly	  and	  splenomegaly.	  	  Histological	  features	  of	  disease	  included	  interstitial	  pneumonia	  and	  alveolar	  histiocytosis;	  myocardial,	  skeletal	  and	  smooth	  muscle	  necrosis	  with	  mononuclear	  or	  neutrophilic	  inflammation;	  focal	  necrosis,	  mineralisation	  and	  glial	  nodules	  in	  nervous	  tissue,	  and	  demyelination	  and	  microglial	  accumulation	  in	  spinal	  cord	  lesions;	  and	  focal	  necrosis	  and/or	  fibrosis	  and	  lymphoid	  or	  neutrophilic	  infiltrates	  of	  various	  organs,	  frequently	  with	  free	  zoites.	  T.	  gondii	  tissue	  cysts	  were	  commonly	  observed	  in	  muscle	  and	  nervous	  tissue,	  often	  not	  in	  association	  with	  lesions.	  Inclusion	  in	  this	  study	  was	  based	  on	  the	  presence	  of	  organisms	  in	  tissues	  sections,	  although	  immunohistochemical	  confirmation	  was	  made	  with	  appropriate	  labelling	  with	  anti-­‐T.	  gondii	  and	  anti-­‐N.	  caninum	  antibodies	  in	  selected	  sections	  (four	  macropods,	  two	  koalas,	  two	  dasyurids,	  one	  wombat	  and	  one	  possum).	  Changes	  in	  lymphoid	  tissues	  were	  variable,	  ranging	  from	  hyperplasia	  with	  large	  germinal	  centres,	  or	  depletion	  of	  follicles	  and	  germinal	  centre	  necrosis,	  especially	  of	  gut-­‐associated	  lymphoid	  tissue	  (GALT).	  The	  latter	  changes	  were	  presumed	  to	  be	  a	  direct	  effect	  of	  organism	  replication	  rather	  than	  a	  consequence	  of	  prolonged	  antigenic	  stimulation	  in	  response	  to	  infection.	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Major	  published	  reports	  of	  disease	  due	  to	  T.	  gondii	  infection	  in	  marsupial	  species,	  identified	  as	  a	  result	  of	  extensive	  online	  database	  searches,	  are	  summarised	  in	  Appendix	  2.1.	  A	  concise	  listing	  of	  reports	  of	  toxoplasmosis	  in	  Australian	  marsupials	  in	  peer-­‐reviewed	  and	  other	  literature,	  ordered	  by	  host	  species,	  may	  also	  be	  found	  in	  Ladds’	  Pathology	  of	  Australian	  Native	  Wildlife.131	  Furthermore,	  the	  chapter	  on	  Protozoal	  Disease	  in	  Terrestrial	  Mammals	  in	  the	  same	  text	  discusses	  all	  aspects	  of	  disease	  within	  these	  species,	  at	  a	  level	  of	  detail	  beyond	  that	  of	  this	  review.	  	  	  
2.12	  Immune	  response	  to	  neosporosis	  in	  eutherian	  mammals	  
Introduction	  The	  outcome	  of	  infection	  by	  N.	  caninum	  is	  likely	  to	  relate	  in	  part	  to	  the	  virulence	  of	  the	  parasite	  strain	  within	  a	  particular	  host	  species,	  the	  immune	  status	  of	  the	  host	  with	  regards	  to	  this	  parasite,	  and	  for	  a	  foetus	  the	  stage	  of	  gestation	  which	  is	  likely	  an	  indicator	  of	  foetal	  immune	  competence.99	  In	  general,	  protozoan	  infection	  elicits	  antibody	  (humoral)	  and	  cell-­‐mediated	  immune	  responses.96	  Humoral	  responses	  target	  the	  parasites	  in	  fluids	  or	  blood,	  while	  cell	  mediated	  responses	  are	  directed	  against	  intracellular	  organisms.	  Antibody	  binding	  to	  surface	  antigens	  contributes	  to	  opsonisation,	  agglutination	  or	  immobilization	  of	  organisms.	  Subsequently,	  the	  actions	  of	  complement	  or	  cytotoxic	  cells	  may	  kill	  protozoa.	  NK	  cells	  are	  also	  capable	  of	  killing	  protozoa.	  They	  make	  up	  to	  3.5%	  of	  the	  blood	  lymphocytes	  in	  young	  cattle	  and	  approximately	  2%	  in	  older	  animals.	  The	  greatest	  concentrations	  of	  NK	  cells	  are	  found	  in	  the	  spleen,	  lymph	  nodes	  and	  peripheral	  blood.	  Production	  of	  IFN-­‐γ	  by	  NK	  cells	  is	  in	  part	  responsible	  for	  resistance	  to	  N.	  caninum	  infection	  in	  cattle.	  Specific	  antibodies	  (ablastins)	  have	  also	  been	  shown	  to	  inhibit	  cell	  division.96	  	  The	  intracellular	  nature	  of	  N.	  caninum	  suggests	  that	  a	  cell-­‐mediated	  immune	  response	  is	  likely	  to	  be	  important	  to	  protection	  of	  the	  host.	  In	  summary,	  protective	  immunity	  against	  apicomplexan	  parasites	  is	  generally	  via	  Th1	  mediated	  responses,	  discussed	  in	  more	  detail	  below.96	  Initial	  investigations	  of	  host	  immune	  response	  to	  protozoal	  infection	  were	  conducted	  in	  animals	  with	  toxoplasmosis.	  The	  early	  control	  of	  T.	  gondii	  infection	  is	  dependent	  on	  production	  of	  IL-­‐12	  and	  IFN-­‐γ.	  T.	  gondii	  contains	  an	  actin-­‐binding	  protein	  (profilin)	  that	  is	  the	  ligand	  for	  Toll-­‐like	  receptor	  11	  (TLR11).	  When	  this	  ligand	  binds	  TLR11	  on	  dendritic	  cells	  there	  is	  upregulation	  of	  IL-­‐12	  and	  IFN-­‐γ	  via	  the	  MyD88	  signaling	  pathway.	  Dendritic	  cell	  IL-­‐12	  production	  also	  occurs	  via	  the	  CCR5	  pathway	  in	  response	  to	  T.	  gondii	  cyclophylin.	  IL-­‐12	  and	  IFN-­‐γ	  subsequently	  promote	  a	  host	  Th1	  immune	  response	  that	  contributes	  to	  destruction	  of	  intracellular	  organisms.96	  Activated	  Th1	  cells	  also	  secrete	  IFN-­‐γ	  in	  response	  to	  activation	  by	  ribonucleoproteins	  of	  T.	  
gondii.	  IFN-­‐γ	  in	  turn	  activates	  macrophages	  with	  resultant	  fusion	  of	  lysosome	  and	  vacuoles,	  and	  destruction	  of	  intracellular	  organisms.	  Destructive	  intracellular	  pathways	  in	  M1	  cells	  include	  production	  of	  nitric	  oxide	  (NO).	  The	  interaction	  of	  NO	  with	  other	  oxidants	  forms	  nitrogen	  radicals	  capable	  of	  killing	  many	  intracellular	  protozoa.96	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The	  humoral	  response	  to	  T.	  gondii	  contributes	  to	  complement-­‐mediated	  destruction	  of	  extracellular	  organisms.	  This	  restricts	  the	  spread	  of	  protozoa	  between	  cells.	  Furthermore,	  cytotoxic	  T	  cells	  have	  the	  capacity	  to	  destroy	  tachyzoites	  and	  protozoa-­‐infected	  cells.96	  
Cytokine	  and	  Th1	  response	  to	  N.	  caninum	  infections	  CD4+	  T	  helper	  (Th)	  cells	  control	  many	  aspects	  of	  host	  adaptive	  immunity.	  The	  current	  Th	  paradigm	  suggests	  that	  naïve	  CD4+	  T	  helper	  cells	  may	  differentiate	  into	  one	  of	  at	  least	  four	  Th	  cell	  subpopulations,	  based	  on	  distinct	  cytokine	  milieus	  (Figure	  2.5).127,132	  These	  subpopulations	  are	  defined	  by	  their	  cytokine	  production	  and	  function.	  Initiation	  of	  type	  1	  (Th1)	  responses	  is	  frequently	  observed	  in	  response	  to	  infection	  by	  intracellular	  pathogens	  and	  tumor	  cell	  invasion;	  type	  2	  (Th2)	  responses	  moderate	  inflammation	  and	  direct	  humoral	  immunity	  and	  killing	  of	  extracellular	  pathogens	  including	  large	  extracellular	  parasites	  such	  as	  helminthes	  (as	  well	  as	  contributing	  to	  allergic	  responses);	  Th17	  cells	  regulate	  organ-­‐specific	  immune	  responses	  and	  immunity	  to	  extracellular	  bacteria	  and	  fungi;	  and,	  induced	  regulatory	  (iTreg)	  cells	  express	  transcription	  factor	  and	  Foxp3	  as	  part	  of	  their	  role	  in	  maintaining	  self-­‐tolerance	  and	  modulating	  immune	  responses	  to	  infections	  –	  including	  immune	  suppression.127,133	  Th1	  and	  Th17	  cells	  are	  also	  involved	  in	  many	  types	  of	  autoimmune	  diseases.	  A	  combination	  of	  cytokines	  is	  required	  for	  the	  differentiation	  of	  naïve	  Th	  cells	  into	  one	  of	  these	  subtypes,	  and	  effector	  cytokines	  produced	  by	  differentiated	  cells	  further	  promote	  differentiation	  providing	  a	  positive	  amplification	  loop.	  An	  elaborate	  collaboration	  of	  transcription	  factors	  provides	  positive	  and	  negative	  regulation	  of	  this	  differentiation	  process.	  	  Differentiation	  of	  naïve	  CD4+	  T	  cells	  to	  Th1	  cells	  is	  promoted	  by	  IL-­‐12	  production	  by	  antigen	  presenting	  myeloid	  dendritic	  cells,	  macrophages,	  and	  B	  cells	  –	  with	  costimulatory	  signaling	  by	  CD80.96	  Additional	  signaling	  by	  IL-­‐18	  contributes	  to	  complete	  Th1	  activation,	  proliferation	  and	  optimal	  IFN-­‐γ	  production	  via	  the	  transcription	  factor	  T-­‐bet.	  Activated	  Th1	  cells	  produce	  IL-­‐2,	  IFN-­‐γ,	  TNF-­‐alpha,	  and	  TNF-­‐beta	  (lymphotoxin).	  IL-­‐2	  functions	  to	  activate	  T	  cells,	  B	  cells,	  NK	  cells	  and	  macrophages,	  while	  IFN-­‐γ	  inhibits	  Th2	  cells,	  further	  stimulates	  Th1	  cells,	  and	  activates	  NK	  cells	  and	  macrophages.	  	  The	  anticipated	  Th1	  response	  to	  intracellular	  organisms	  is	  borne	  out	  by	  experimental	  neosporosis	  of	  cattle	  resulting	  in	  a	  Th1	  immune	  response	  characterised	  by	  the	  increased	  expression	  of	  IFN-­‐γ	  and	  parasite-­‐specific	  CD4+	  T	  cells.98	  Although,	  in	  cattle	  infected	  with	  tachyzoites	  either	  experimentally	  or	  naturally,	  the	  immune	  response	  also	  involves	  increased	  levels	  of	  IgG2	  antibodies	  and	  initiation	  of	  a	  humoral	  response	  to	  infection.67	  Protective	  mechanisms	  are	  therefore	  likely	  associated	  with	  induction	  of	  a	  Th1	  immune	  response	  and	  increased	  IFN-­‐γ	  expression,	  as	  well	  as	  IgG	  isotype	  2	  production.134,135	  Similarly,	  the	  maternal	  and	  foetal	  immune	  responses	  of	  cattle	  following	  an	  experimental	  challenge	  with	  N.	  
caninum	  at	  day	  70	  of	  gestation	  showed	  significant	  increases	  in	  cell-­‐mediated	  immune	  responses	  in	  dams	  including	  antigen-­‐specific	  cell	  proliferation	  and	  IFN-­‐γ	  production,	  and	  increased	  levels	  of	  IL-­‐4,	  IL-­‐10	  and	  IL-­‐12.99	  IFN-­‐γ-­‐mediated	  inhibition	  of	  tachyzoite	  proliferation	  has	  also	  been	  shown	  in	  multiple	  studies,	  including	  in	  vitro	  studies,	  those	  involving	  the	  neutralisation	  of	  IFN-­‐γ	  in	  mice	  experiments,	  and	  infections	  in	  IFN-­‐γ	  knockout	  mice.67,136-­‐138	  CD4+T	  cells	  are	  major	  producers	  of	  IFN-­‐γ	  ex	  vivo	  and	  depletion	  and	  adoptive	  transfer	  studies	  have	  shown	  that	  CD4+T	  cells	  are	  also	  critical	  components	  for	  protection.67,139,140	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Furthermore,	  parasite-­‐specific	  CD4+	  cytotoxic	  T	  lymphocytes	  (versus	  the	  CD8+	  cells)	  have	  been	  shown	  to	  kill	  N.	  caninum	  infected	  cells	  through	  a	  perforin-­‐granzyme	  dependent	  pathway.141	  	  	  	  
	  
Figure 2.5. Cytokines associated with differentiation and functioning of Th1, Th2, Th17 and Treg cells.  
Following TCR activation by antigen presenting cells naïve CD4+ T cells differentiate into different Th lineages. Differentiation involves 
upregulation of master transcription regulators and activation of STAT proteins. The different lineages express unique cytokine receptors 
enabling them to respond to cytokines production by accessory cells. At later stages of Th cell differentiation different Th cells may express 
receptors for IL-1 family cytokines; together with STAT activator, an IL-1 family cytokine can induce effector cytokine production from Th 
cells (Th1 – IL-18, Th2 – IL-33, Th17 – IL-1) in a TCR-independent process. Figure adapted from Zhu, J et al., 2010 and Sethi, A et al., 
2013.132,142 	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Supportive	  of	  a	  role	  for	  the	  Th1	  cytokines	  IFN-­‐γ	  and	  IL-­‐12	  in	  protective	  immunity	  is	  an	  analysis	  of	  the	  gene	  expression	  of	  these	  and	  other	  cytokines	  in	  peripheral	  blood	  mononuclear	  cells	  in	  bovine	  dams	  naturally	  infected	  with	  N.	  caninum.143	  Seropositive	  dams	  showed	  an	  upregulation	  of	  mRNA	  levels	  of	  the	  Th1	  cytokines	  IFN-­‐γ,	  TNF-­‐α	  and	  IL-­‐1p40,	  as	  well	  as	  the	  Treg	  cytokine	  IL-­‐10;	  while	  expression	  of	  the	  Th2	  cytokine	  IL-­‐4	  did	  not	  differ	  significantly	  compared	  with	  seronegative	  dams.143	  Although,	  this	  result	  differed	  from	  an	  earlier	  study	  showing	  proliferation	  of	  CD4+	  cells	  with	  increased	  expression	  of	  IFN-­‐γ	  and	  IL-­‐4	  in	  the	  peripheral	  blood	  of	  infected	  dams	  analysed	  at	  days	  70	  and	  210	  of	  gestation.143,144	  Studies	  in	  mouse	  models	  using	  different	  knockout	  mice	  have	  been	  extensively	  used	  to	  define	  the	  nature	  of	  the	  eutherian	  host	  immune	  response	  to	  neosporosis.	  Early	  studies	  in	  wild	  type	  BALB/c	  and	  athymic	  nude	  mice	  detected	  early	  (days	  1	  and	  4)	  significant	  and	  progressive	  rises	  in	  IFN-­‐γ	  and	  a	  lack	  of	  detectable	  IL-­‐4	  with	  inoculation	  with	  tachyzoites.106	  However,	  only	  the	  athymic	  mice	  showed	  disease	  susceptibility.	  Although	  isolate	  variability	  exists,	  BALB/c	  mice	  are	  generally	  resistant	  to	  acute	  (versus	  chronic)	  disease	  resulting	  from	  N.	  caninum	  infection.145	  In	  contrast,	  BALB/c	  background	  IFN-­‐γ-­‐deficient	  mice	  and	  BALB/c	  mouse	  primed	  with	  neutralising	  antibodies	  to	  IFN-­‐γ	  have	  been	  shown	  to	  have	  an	  increased	  susceptibility	  to	  disease	  with	  death	  occurring	  within	  9	  days	  post	  inoculation.	  IFN-­‐γ	  is	  an	  important	  cytokine	  for	  macrophage	  activation	  and	  on	  the	  basis	  of	  the	  rate	  and	  extent	  of	  tissue	  infection	  in	  deficient	  mice	  plays	  a	  key	  role	  in	  immunity	  to	  N.	  caninum	  infection	  as	  well	  as	  control	  of	  parasite	  invasion	  of	  organs	  and	  tissues.	  Part	  of	  the	  protective	  role	  of	  IGN-­‐γ	  relates	  to	  induction	  of	  MHCII	  expression,	  which	  is	  lacking	  in	  IFN-­‐γ-­‐deficient	  mice	  exposed	  to	  N.	  caninum.	  MHCII-­‐deficient	  mice	  display	  a	  similar	  increase	  in	  susceptibility	  to	  infection	  by	  N.	  caninum.	  Given	  the	  location	  of	  MHC	  class	  II	  molecules	  on	  the	  surface	  of	  antigen	  presenting	  cells	  and	  their	  role	  in	  antigen	  recognition	  by	  CD4+	  T	  cells,	  it	  is	  not	  surprising	  that	  this	  study	  also	  showed	  a	  lack	  of	  upregulation	  of	  CD4+	  T	  cells	  in	  IFN-­‐γ-­‐deficient	  mice	  exposed	  to	  N.	  caninum,	  compared	  with	  control	  mice.	  Furthermore,	  IFN-­‐γ	  has	  been	  shown	  to	  increase	  production	  of	  nitrous	  oxide	  by	  macrophages,	  important	  for	  the	  killing	  of	  intracellular	  parasites	  within	  these	  cells.	  Therefore,	  IFN-­‐γ,	  macrophage	  activation	  and	  upregulation	  of	  T	  cells,	  especially	  CD4+	  T	  cells,	  are	  critical	  for	  resistance	  to	  acute	  neosporosis	  in	  mice.	  Although	  wild	  type	  BALB/c	  mice	  are	  resistant	  to	  acute	  disease,	  parasites	  are	  detectable	  in	  the	  brain	  by	  21	  days.	  	  The	  important	  role	  of	  CD4+	  T	  cells	  in	  the	  immune	  response	  to	  experimental	  neosporosis	  was	  also	  observed	  in	  BALB/c	  mice	  treated	  with	  anti-­‐CD4	  and/or	  anti-­‐CD8	  monoclonal	  antibodies.139	  Most	  of	  the	  animals	  receiving	  the	  anti-­‐CD4	  monoclonal	  (and	  all	  animals	  receiving	  the	  combination)	  died	  within	  30	  days	  of	  inoculation,	  compared	  with	  70%	  survival	  in	  the	  anti-­‐CD8-­‐treated	  group.	  Anti-­‐CD4-­‐treated	  mice	  also	  had	  lower	  levels	  of	  anti-­‐N.	  caninum	  antibody	  production.	  Antibody	  production	  was	  actually	  higher	  in	  a	  group	  receiving	  anti-­‐IFN-­‐γ	  antibody,	  although	  all	  these	  animals	  died	  by	  day	  18	  of	  the	  study.	  These	  findings	  supported	  a	  key	  role	  for	  IFN-­‐γ	  and	  CD4+	  T	  cells	  in	  protective	  immunity	  during	  the	  early	  stages	  of	  disease,	  and	  for	  humoral	  immunity	  in	  the	  later	  stages	  of	  infection.	  	  The	  role	  of	  the	  humoral	  response	  in	  immunity	  to	  neosporosis	  has	  been	  investigated	  in	  B	  cell-­‐deficient	  C57BL/6	  (µMT)	  mice.146	  In	  contrast	  to	  the	  wild	  type	  strain,	  µMT	  mice	  were	  susceptible	  to	  disease	  with	  deaths	  occurring	  from	  29	  days	  post	  inoculation.	  Multifocal	  cerebral	  necrosis	  associated	  with	  a	  high	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infective	  density	  of	  organisms	  seen	  in	  these	  mice	  was	  not	  detected	  in	  the	  wild	  type	  animals.	  In	  addition,	  secretion	  of	  IFN-­‐γ	  and	  IL-­‐10	  by	  stimulated	  sphenocytes	  was	  significantly	  reduced	  in	  the	  knockout	  mice.	  The	  authors	  concluded	  that	  disease	  susceptibility	  was	  linked	  with	  B	  cell	  deficiency	  contributing	  to	  persistent	  spread	  of	  organisms	  causing	  immunosuppression	  and	  fatal	  disease.	  	  The	  role	  of	  IL-­‐12	  in	  mediating	  the	  host	  T	  cells	  response	  has	  also	  been	  studied	  in	  mice	  utilising	  neutralising	  antibodies.	  Consistent	  with	  the	  cytokine	  profile	  of	  the	  Th1	  response	  it	  showed	  that	  antibody	  to	  IL-­‐12	  or	  IFN-­‐γ	  rendered	  mice	  susceptible	  to	  infection.137	  Significantly	  increased	  quantities	  of	  both	  cytokines	  were	  observed	  shortly	  after	  inoculation	  with	  the	  parasite.	  Conversely,	  modulation	  of	  the	  Th2	  response	  in	  pregnant	  mice	  via	  neutralisation	  of	  IL-­‐4	  with	  a	  monoclonal	  antibody	  contributed	  to	  a	  significant	  reduction	  in	  foetal	  transmission	  with	  subsequent	  challenge	  by	  a	  virulence	  N.	  caninum	  isolate,	  compared	  with	  control	  mice.147	  This	  result	  was	  only	  achieved	  in	  animals	  concomitantly	  exposed	  to	  a	  priming	  inoculation	  of	  live,	  avirulent	  tachyzoites	  prior	  to	  pregnancy.	  Therefore,	  an	  adaptive	  immune	  response	  and	  induction	  of	  a	  maternal	  Th1	  response	  were	  necessary	  for	  the	  reduction	  in	  transmission,	  rather	  than	  dependence	  on	  innate	  host	  immune	  mechanisms.	  Significantly	  higher	  levels	  of	  IFN-­‐γ	  secretion	  by	  maternal	  splenocytes	  were	  detected	  in	  these	  animals,	  in	  addition	  to	  significantly	  reduced	  IL-­‐4	  secretion	  and	  significantly	  decreased	  N.	  caninum-­‐specific	  IgG1.	  Further	  understanding	  of	  the	  impact	  of	  N.	  caninum	  infection	  comes	  from	  a	  recent	  study	  of	  murine	  conventional	  dendritic	  cells	  and	  macrophages	  showing	  that	  the	  protozoan	  tachyzoites	  rapidly	  invade	  and	  proliferate	  into	  these	  two	  cell	  populations.148	  Infection	  with	  viable	  tachyzoites	  altered	  the	  phenotype	  of	  immature	  dendritic	  cells,	  such	  that	  there	  was	  a	  down-­‐regulated	  expression	  of	  MHCII,	  CD40,	  CD80	  and	  CD86.	  Infection	  also	  induced	  IL-­‐12	  synthesis	  by	  dendritic	  cells	  and	  macrophages.	  MHCII	  expression	  was	  up	  regulated	  and	  CD86	  expression	  down	  regulated	  at	  the	  surface	  of	  macrophages.	  Investigation	  of	  macrophage	  and	  dendritic	  cell	  inducement	  of	  T	  cell	  responses	  showed	  that	  T	  lymphocyte	  IFN-­‐γ	  secretion	  correlated	  with	  IL-­‐12	  production	  occurring	  after	  interaction	  between	  T	  cells	  and	  dendritic	  cells	  exposed	  to	  viable	  tachyzoites	  or	  antigenic	  extract.	  By	  contrast,	  for	  macrophages	  IFN-­‐γ	  production	  was	  IL-­‐12-­‐independent	  and	  only	  occurred	  after	  interaction	  between	  T	  cells	  and	  macrophages	  exposed	  to	  antigenic	  extract.	  The	  conclusion	  was	  that	  N.	  caninum-­‐induced	  activation	  of	  murine	  dendritic	  cells,	  but	  not	  that	  of	  macrophages,	  was	  associated	  with	  T	  cell	  IFN-­‐γ	  production	  after	  IL-­‐12	  secretion.148	  It	  has	  also	  been	  shown	  that	  parasite-­‐limiting	  macrophages	  promote	  IL-­‐17	  secretion	  in	  naive	  bovine	  CD4+	  T	  cells	  during	  N.	  caninum	  infection.149	  N.	  caninum	  infection	  of	  bovine	  hosts	  results	  in	  a	  pro-­‐inflammatory	  immune	  response	  that	  appears	  mediated	  by	  the	  actions	  of	  IFN-­‐γ	  on	  cell	  activation	  and	  migration/trafficking.	  Studies	  in	  cattle	  have	  also	  identified	  the	  production	  of	  a	  second	  distinct	  inflammatory	  cytokine,	  IL-­‐17A	  during	  infection	  of	  naive	  primary	  bovine	  host	  cells	  with	  N.	  caninum.	  A	  potential	  link	  between	  elevated	  IL-­‐17A	  and	  the	  immunopathology	  resulting	  from	  efforts	  to	  limit	  parasite	  replication	  has	  also	  been	  proposed.	  The	  authors	  suggested	  that	  the	  identification	  of	  this	  cytokine	  might	  explain,	  in	  part,	  the	  divergent	  roles	  of	  IFN-­‐γ	  in	  mediating	  host	  immunity	  and	  pathology	  following	  infection	  with	  N.	  caninum.148,149	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Tachyzoite	  to	  bradyzoite	  switch	  The	  differentiation	  of	  tachyzoites	  to	  bradyzoites	  and	  the	  formation	  and	  maintenance	  of	  tissue	  cysts	  following	  primary	  infection	  is	  believed	  to	  be	  a	  consequence	  of	  the	  host	  inflammatory	  response.	  This	  is	  principally	  a	  mononuclear	  cell	  response	  dominated	  by	  macrophages	  in	  an	  environment	  of	  increased	  levels	  of	  IFN-­‐γ.150	  Subsequent	  conversion	  from	  bradyzoite	  to	  tachyzoite	  form	  may	  be	  important	  for	  recrudescence	  of	  infection	  in	  chronically	  infected	  animals.151-­‐154	  This	  occurs	  in	  pregnant	  cattle	  and	  permits	  tachyzoite	  dissemination,	  including	  crossing	  of	  the	  placenta	  and	  infection	  of	  the	  foetus.	  Presumably,	  an	  alteration	  in	  the	  host	  response	  is	  necessary	  for	  this	  transformation	  from	  bradyzoite	  to	  tachyzoite,	  and	  in	  pregnant	  cattle	  it	  is	  assumed	  related	  to	  the	  immunomodulation	  associated	  with	  preventing	  rejection	  of	  the	  developing	  foetus;	  that	  is,	  upregulation	  of	  Th2	  cytokines.101,155	  However,	  hormonal	  changes	  or	  immunosuppressive	  changes	  remain	  to	  be	  identified.	  	  Traditionally,	  N.	  caninum	  has	  not	  been	  considered	  an	  efficient	  cyst-­‐producing	  organism	  when	  compared	  with	  T.	  gondii,	  based	  on	  results	  of	  initial	  in	  vitro	  studies.156,157	  Additional	  investigations	  have	  used	  sodium	  nitroprusside	  as	  a	  nitric	  oxide	  generator	  to	  permit	  further	  investigation	  of	  bradyzoite	  and	  tissue	  cyst	  content,	  with	  the	  subsequent	  description	  of	  several	  bradyzoite	  and	  cyst	  proteins	  and	  their	  genes.156,158	  These	  include	  NcSAG4,159	  BRS4160	  and	  MAG1.161	  Findings	  of	  extensive	  cyst	  formation	  in	  S.	  crassicaudata	  may	  alter	  this	  view	  of	  the	  cyst	  forming	  ability	  of	  N.	  caninum.	  	  	  
Host	  immunity,	  recrudescence	  and	  vertical	  transmission	  	  It	  remains	  to	  be	  clarified	  if	  previous	  infection	  by	  N.	  caninum	  contributes	  to	  effective	  protective	  immunity.	  
In	  vivo	  studies	  in	  cattle	  showing	  animals	  with	  serological	  evidence	  of	  previous	  exposure	  to	  N.	  caninum	  were	  less	  likely	  to	  abort	  than	  cows	  with	  primary	  infections,	  suggests	  this	  is	  the	  case.162	  It	  was	  subsequently	  shown	  that	  the	  protective	  immune	  response	  against	  exogenous	  N.	  caninum	  infection	  acquired	  in	  naturally,	  chronically	  infected	  cows	  was	  ineffective	  at	  protecting	  the	  foetus	  from	  infection	  or	  preventing	  recrudescence	  of	  a	  latent	  infection.163	  These	  findings	  suggest	  that	  protective	  immunity	  developing	  against	  a	  new	  exogenous	  postnatally	  transmitted	  challenge	  is	  not	  effective	  against	  an	  endogenous	  transplacental	  challenge.67	  Despite	  this	  finding,	  the	  number	  of	  abortions	  is	  relatively	  low	  compared	  with	  the	  number	  of	  infected	  foetuses,	  based	  on	  seroconversion	  figures.	  This	  is	  believed	  in	  part,	  to	  be	  due	  to	  the	  immunological	  maturity	  of	  the	  foetus	  at	  the	  time	  of	  infection	  or	  recrudescence.69,73,101,135,150	  Foetal	  immunological	  competence	  develops	  progressively	  over	  the	  approximately	  280-­‐day	  gestation	  in	  cattle.	  The	  foetus	  is	  most	  vulnerable	  to	  infection	  and	  abortion	  during	  the	  first	  trimester	  prior	  to	  the	  maturity	  of	  the	  developing	  thymus,	  spleen	  and	  peripheral	  lymph	  nodes.164	  Most	  abortions	  occur	  in	  the	  midgestation	  period,	  suggesting	  that	  the	  developing	  immune	  system	  remains	  ineffective	  at	  recognising	  and/or	  responding	  to	  infection.	  During	  the	  third	  trimester	  a	  foetus	  is	  increasingly	  likely	  to	  survive	  following	  primary	  infection	  or	  recrudescence	  within	  the	  dam,	  and	  to	  develop	  normally,	  albeit	  congenitally	  infected.164	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Assessment	  of	  mast	  cell	  involvement	  with	  protozoal	  disease	  Assessment	  of	  the	  host	  mast	  cell	  response	  in	  protozoal	  disease	  is	  of	  interest	  due	  to	  role	  of	  these	  cells	  in	  host	  defense	  against	  parasites,	  and	  as	  effector	  cells	  in	  inflammation	  generally.	  When	  incubated	  with	  tachyzoites	  of	  T.	  gondii	  mast	  cells	  were	  found	  to	  degranulate	  and	  release	  leukotriene	  B4,	  contributing	  to	  damage	  to	  the	  organisms.165	  Involvement	  of	  mast	  cells	  in	  the	  acute	  phase	  of	  the	  inflammatory	  response	  to	  
T.	  gondii	  was	  further	  supported	  by	  experimental	  intraperitoneal	  inoculation	  of	  Calomys	  callosus	  (a	  wild,	  mouse-­‐like	  South	  American	  rodent).166	  Inoculation	  was	  associated	  with	  a	  rapid	  (1	  hour)	  mast	  cell	  influx	  into	  the	  peritoneal	  cavity,	  degranulation	  and	  a	  steady	  decline	  in	  numbers	  over	  the	  following	  48	  hours.	  An	  additional	  marked	  neutrophilic	  infiltration	  with	  fewer	  macrophages	  and	  reduction	  in	  lymphocyte	  number	  was	  noted	  12	  hours	  after	  mast	  cell	  degranulation.	  Furthermore,	  T.	  gondii	  has	  been	  shown	  to	  inhibit	  mast	  cell	  degranulation	  by	  suppressing	  a	  calcium-­‐mediated	  signaling	  process	  and	  thereby	  altering	  the	  host	  cellular	  response.167,168	  	  
2.13	  Comparison	  of	  the	  metatherian	  and	  eutherian	  immune	  systems	  
Introduction	  Earlier	  assessment	  of	  the	  metatherian	  immune	  system	  as	  inferior	  or	  more	  primitive	  to	  that	  of	  the	  eutherian	  mammals	  has	  given	  way	  to	  a	  realization	  of	  comparable	  anatomical,	  cellular	  and	  cytokine	  features.169	  The	  immune	  responses	  of	  marsupials	  may	  however	  develop	  more	  slowly.96	  Although	  the	  immune	  system,	  and	  cytokine	  repertoire	  in	  particular,	  of	  marsupials	  has	  not	  been	  as	  well	  studied	  as	  that	  of	  eutherian	  species,	  the	  recent	  sequencing	  of	  genomes	  in	  4	  species	  –	  the	  gray	  short-­‐tailed	  opossum	  (Monodelphis	  domestica),	  the	  tammar	  wallaby	  (Macropus	  eugenii),	  the	  koala	  (Phascolarctus	  cinereus)	  and	  the	  Tasmanian	  devil	  (Sarcophilus	  harrisii)	  –	  is	  likely	  to	  hasten	  identification	  of	  comparable	  genes	  and	  permit	  more	  precise	  assessment	  of	  the	  marsupial	  immunome.96,127,170-­‐173	  Countering	  this	  is	  a	  high	  level	  of	  sequence	  divergence	  that	  prevents	  gene	  identification	  using	  automated	  annotation	  pipelines.	  An	  extensive	  review	  of	  our	  current	  state	  of	  knowledge	  of	  the	  marsupial	  immune	  system,	  with	  particular	  emphasis	  on	  recent	  genomic	  discoveries,	  was	  published	  by	  Belov	  et	  al.	  in	  2013.127	  This	  review	  included	  a	  tabulated	  summary	  of	  clinical	  papers	  characterizing	  immune	  tissues	  (histological	  appearance,	  cellular	  components,	  development	  etc.)	  in	  different	  marsupial	  species.	  Furthermore,	  Borthwick	  et	  al.	  have	  reviewed	  our	  current	  knowledge	  of	  the	  development	  of	  the	  primary	  and	  secondary	  immune	  tissues	  in	  the	  marsupial.174	  The	  current	  understanding	  that	  the	  marsupial	  immune	  system	  shows	  a	  high	  degree	  of	  structural	  (anatomical,	  cellular)	  analogy	  to	  that	  of	  the	  eutherian	  mammals	  comes	  with	  an	  expectation	  of	  similar	  functional	  analogy	  and	  complexity.	  This	  is	  fuelled	  by	  the	  rapidly	  expanding	  demonstration	  of	  similar	  cytokine	  expression.	  Differences	  do	  however	  exist,	  and	  understanding	  these	  and	  their	  effect	  on	  altered	  susceptibility	  to	  disease	  is	  important	  in	  part	  for	  conservation	  and	  therapeutic	  reasons.	  Furthermore,	  the	  expectation	  of	  comparable	  functional	  ability	  on	  the	  basis	  of	  structural	  similarities	  may	  not	  be	  strictly	  correct.	  The	  rapid	  and	  widespread	  cyst	  formation	  and	  rapid	  fatal	  response	  following	  experimental	  inoculation	  with	  N.	  caninum	  is	  one	  such	  example,	  and	  a	  reason	  for	  continued	  functional	  study.	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Development	  and	  anatomy	  of	  the	  marsupial	  immune	  system	  In	  contrast	  to	  placental	  mammals,	  the	  marsupials	  are	  born	  at	  a	  very	  early	  stage	  of	  development	  with	  an	  extremely	  immature	  or	  non-­‐existent	  immune	  system.	  Subsequently	  their	  immune	  system	  ontogenesis	  and	  achievement	  of	  immunocompetence	  is	  more	  rapid	  that	  that	  of	  eutherian	  species.169	  For	  example	  the	  opossum	  (Monodelphis	  domestica)	  is	  born	  following	  a	  15-­‐day	  gestation.	  At	  birth	  it	  has	  no	  apparent	  immunological	  tissues	  or	  organs	  and	  is	  reliant	  on	  passive	  lactogenic	  transfer	  of	  immunoglobulins	  for	  the	  first	  7	  days	  of	  life.96	  Suckling	  is	  permanent	  for	  16	  days	  and	  intermittent	  until	  weaning	  at	  60	  days	  post	  partum,	  when	  intestinal	  absorption	  of	  immunoglobulins	  ceases.	  	  Despite	  being	  immature	  at	  birth	  the	  marsupial	  immune	  system	  rapidly	  develops	  a	  similar	  anatomy	  to	  that	  of	  eutherians.	  The	  age	  of	  maturation	  of	  various	  component	  of	  the	  marsupial	  immune	  system	  has	  been	  described	  in	  detail.175-­‐178	  In	  mature	  animals	  the	  thymus	  is	  present	  and	  actively	  involved	  in	  T	  cell	  maturation.179,180	  	  Secondary	  lymphoid	  organs	  including	  lymph	  nodes,	  spleen	  and	  mucosal-­‐associated	  lymphoid	  tissue	  (MALT)	  are	  also	  present	  in	  marsupials.	  Spleen	  and	  lymph	  nodes	  display	  a	  similar	  architecture	  to	  other	  therian	  species,	  with	  minor	  variability	  by	  species.	  MALT	  is	  variably	  observed,	  most	  notable	  bronchus-­‐associated	  lymphoid	  tissue	  (BALT)	  and	  gut-­‐associated	  lymphoid	  tissues	  (GALT).	  In	  the	  quokka,	  indicative	  of	  other	  marsupials,	  the	  liver	  is	  the	  only	  functional	  haematopoietic	  tissue	  present	  at	  birth.181	  It	  contains	  erythrocytic,	  granulocytic	  and	  leucocytic	  cells	  at	  different	  stages	  of	  development.	  As	  the	  animal	  matures	  the	  haematopoietic	  role	  will	  be	  taken	  up	  by	  bone	  marrow,	  as	  occurs	  in	  eutherians	  from	  birth,	  and	  the	  liver	  will	  mature	  to	  have	  its	  typical	  histological	  appearance.127	  Much	  of	  the	  existing	  study	  into	  the	  marsupial	  immune	  system	  has	  occurred	  in	  the	  brushtail	  possum,	  with	  reports	  positively	  correlating	  the	  organisation	  and	  function	  of	  T	  and	  B	  cells	  with	  that	  of	  eutherian	  mammals.182	  With	  regard	  to	  T	  cells,	  in	  addition	  to	  the	  alpha-­‐beta	  and	  gamma-­‐delta	  lineage	  of	  T	  cells,	  marsupials	  also	  contain	  a	  mu	  lineage	  (TCRµ+	  T	  cells).183-­‐186	  This	  is	  thought	  to	  be	  a	  remnant	  of	  an	  ancient	  receptor	  system	  as	  it	  is	  expressed	  early	  during	  development	  and	  prior	  to	  the	  other	  receptors,	  prompting	  suggestions	  it	  served	  a	  protective	  role	  prior	  to	  the	  full	  development	  of	  the	  immune	  system.96	  Countering	  this	  interpretation	  were	  the	  findings	  that	  it	  is	  the	  last	  of	  the	  T	  cells	  lineages	  to	  develop,	  occurring	  at	  2	  weeks	  of	  age.184	  T	  cells	  are	  integral	  components	  of	  a	  functional	  adaptive	  immune	  response	  in	  therians,	  with	  alpha-­‐beta	  T	  cells	  associated	  with	  antigen	  recognition.127	  It	  has	  been	  suggested	  that	  the	  TCR-­‐mu	  may	  bind	  directly	  to	  antigens,	  in	  contrast	  to	  other	  lineages	  that	  bind	  to	  antigens	  presented	  by	  MHC	  molecules.185	  	  Anatomical	  variation	  exists	  between	  therian	  species.	  For	  instance	  marsupial	  mice	  have	  the	  majority	  of	  their	  lymphoid	  follicles	  confined	  to	  five	  large	  Peyer’s	  patches,	  compared	  with	  fewer	  follicles	  more	  widely	  distributed	  per	  unit	  intestinal	  length	  and	  13	  patches,	  in	  their	  eutherian	  counterparts.187	  Similar	  to	  eutherian	  species,	  all	  metatherian	  species	  have	  a	  thymus	  gland,	  although	  as	  far	  back	  as	  1898	  Johnson	  observed	  that	  diprotodont	  species	  have	  both	  a	  cervical	  and	  thoracic	  thymus.169	  It	  has	  since	  been	  shown	  that	  only	  the	  Phalangeroidea	  superfamily,	  which	  is	  one	  of	  five	  marsupial	  superfamilies,	  has	  such	  anatomy.169	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Development	  of	  the	  lymphoid	  system	  Initial	  protection	  of	  immunologically	  immature	  neonate	  marsupials	  depends	  upon	  passive	  transfer	  of	  maternally	  derived	  antibodies.169	  Early	  investigations	  of	  the	  developing	  immune	  system	  of	  opossum	  (Didelphis	  species)	  neonates	  described	  the	  appearance	  of	  large	  lymphocytes	  in	  the	  thymus	  from	  2	  days,	  in	  blood	  and	  lymph	  nodes	  from	  6-­‐7	  days,	  in	  bone	  marrow	  at	  10-­‐12	  days,	  and	  in	  spleen	  from	  17-­‐22	  days.	  Small	  lymphocytes	  were	  seen	  1-­‐2	  days	  later.169	  Thymus	  resembles	  the	  adult	  organs	  at	  32	  days,	  while	  peripheral	  lymphoid	  tissues	  achieve	  adult	  architecture	  with	  germinal	  centres	  at	  65	  days,	  coinciding	  with	  weaning	  and	  leaving	  the	  pouch.	  The	  rapid	  development	  of	  a	  functional	  immune	  status	  in	  marsupials	  has	  been	  suggested	  to	  be	  an	  adaptive	  response	  to	  early	  contact	  with	  environment	  pathogens	  in	  these	  species.181	  The	  cervical	  thymus	  showed	  more	  rapid	  growth	  and	  maturation	  compared	  with	  the	  thoracic	  equivalent.169	  Similarly,	  in	  the	  quokka	  (Setonix	  brachyurus)	  large	  lymphocytes	  appear	  in	  the	  cervical	  thymus	  at	  2	  days,	  and	  thoracic	  thymus	  at	  4	  days,	  with	  the	  cervical	  thymus	  being	  the	  larger	  and	  developing	  much	  more	  rapidly.	  This	  is	  typical	  for	  all	  species	  with	  a	  thymus	  at	  two	  locations.181	  The	  appearance	  of	  Hassall’s	  corpuscles	  in	  thymus	  coincided	  with	  the	  development	  of	  humoral	  immune	  responses	  and	  functional	  maturity.	  On	  the	  basis	  of	  gene	  expression	  patterns	  in	  the	  tammar	  wallaby	  and	  earlier	  thymectomy	  studies,	  it	  appears	  that	  cervical	  and	  thoracic	  thymuses	  are	  functionally	  similar.127,133	  In	  the	  opossum,	  lymph	  nodes	  were	  first	  observed	  at	  day	  5	  as	  lymphoid	  aggregations	  surrounding	  lymphatics,	  which	  subsequently	  showed	  corticomedullary	  differentiation	  by	  day	  14	  and	  development	  of	  germinal	  centres	  at	  day	  90.181	  
Cellular	  features	  The	  metatherian	  genome	  includes	  genes	  for	  all	  the	  currently	  known	  key	  immune	  families.96	  There	  has	  however	  been	  significant	  duplication	  and	  gene	  conversion	  shown	  in	  leucocyte	  receptors,	  NK	  complexes,	  immunoglobulins,	  type	  I	  interferons	  and	  the	  defensins.	  In	  mammals	  NK	  cells	  provide	  a	  first	  line	  of	  defense	  against	  infectious	  agents	  and	  tumours,	  with	  their	  activity	  partly	  regulated	  by	  cell	  surface	  receptors.46	  Genes	  coding	  for	  these	  receptors	  evolve	  rapidly	  and	  vary	  markedly	  between	  species.	  The	  composition	  of	  the	  leucocyte	  receptor	  complex	  (LRC)	  and	  natural	  killer	  complex	  (NKC)	  which	  code	  for	  natural	  killer	  (NK)	  cell	  receptor	  proteins	  is	  currently	  being	  investigated	  to	  evaluate	  any	  functional	  effect	  on	  marsupial	  immunity.96	  	  	  
Molecular	  receptors	  and	  messengers	  
MHC	  molecules	  Class	  I	  and	  II	  MHC	  molecules	  are	  involved	  in	  antigen	  presentation.	  In	  eutherian	  mammals	  Class	  I	  molecules	  are	  present	  on	  all	  nucleated	  cells	  and	  involved	  in	  presentation	  of	  endogenously	  derived	  peptides	  to	  CD8+	  cytotoxic	  T	  cells.96,127	  MHCII	  molecules	  are	  present	  on	  dedicated	  antigen	  presenting	  cells,	  including	  macrophages,	  dendritic	  cells	  and	  activated	  B	  cells.	  Functionally,	  these	  molecules	  present	  exogenously	  derived	  peptides	  to	  CD4+	  Th	  cells.	  Antibodies	  against	  human	  MHC	  Class	  II	  (DRB)	  molecules	  have	  been	  shown	  to	  cross-­‐react	  with	  class	  II	  molecule	  in	  the	  opossum,	  koala	  and	  red	  tailed	  phascogale	  as	  well	  as	  other	  marsupial	  species.188-­‐190	  MHC	  I	  and	  MHC	  II	  genes	  are	  reported	  to	  be	  the	  most	  polymorphic	  in	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the	  vertebrate	  genome,	  particularly	  in	  their	  peptide	  binding	  regions.127MHC	  genetic	  diversity	  has	  been	  used	  an	  a	  measure	  of	  the	  immunological	  fitness	  of	  a	  population,	  with	  restricted	  MHC	  diversity	  reportedly	  correlating	  with	  a	  reduced	  ability	  to	  mount	  an	  appropriate	  immune	  response	  to	  novel	  antigens	  and	  diseases.	  	  
Immunoglobulins	  Metatherian	  mammals	  produce	  all	  4	  major	  isotypes	  of	  immunoglobulin	  found	  in	  eutherians,	  including	  IgM,	  IgG,	  IgE	  and	  IgA.96,127	  Functionally	  however,	  there	  is	  a	  resemblance	  to	  the	  more	  primitive	  vertebrates	  in	  that	  Didelphis	  responds	  well	  to	  particulate	  antigens	  such	  as	  bacteria,	  but	  poorly	  to	  soluble	  antigens.96	  Within	  these	  immunoglobulins	  it	  has	  also	  been	  suggested	  that	  there	  is	  limited	  heavy	  chain	  diversity	  but	  complex	  light	  chain	  (kappa	  and	  lambda)	  diversity.191,192	  To	  date,	  this	  reliance	  on	  complex	  light-­‐chain	  genes	  to	  compensate	  for	  limited	  germ-­‐line	  heavy-­‐chain	  diversity	  appears	  unique	  to	  marsupial	  species.127	  
Cytokines	  A	  large	  number	  of	  cytokines	  has	  now	  been	  identified	  in	  marsupial	  species,	  across	  many	  different	  studies.	  Of	  importance	  to	  the	  present	  investigation	  are	  examples	  of	  cytokines	  associated	  with	  each	  of	  the	  four	  CD4+	  T	  helper	  subpopulations	  identified	  in	  the	  marsupial	  genomes	  –	  that	  is,	  the	  Th1,	  Th2,	  Th17	  and	  Treg	  populations.127	  Furthermore,	  pro-­‐	  and	  anti-­‐inflammatory	  monokines	  such	  as	  interleukin-­‐1b,	  tumor	  necrosis	  factor	  alpha	  and	  IL-­‐10	  have	  been	  identified.193-­‐195	  Adding	  to	  our	  knowledge	  of	  the	  marsupial	  immune	  system	  was	  a	  relatively	  recent	  search	  of	  the	  genome	  assembly	  of	  the	  gray	  short-­‐tailed	  opossum	  for	  chemokine,	  interleukin,	  colony-­‐stimulating	  factor,	  tumor	  necrosis	  factor,	  and	  transforming	  growth	  factor	  genes,	  which	  reported	  that	  the	  vast	  majority	  of	  cytokines	  are	  conserved	  with	  direct	  orthologs	  between	  therian	  species.	  The	  significant	  exceptions	  are	  the	  chemokine	  genes,	  36	  of	  which	  were	  identified	  in	  the	  opossum.	  These	  include	  IL7,	  IL9,	  IL31,	  IL33	  and	  CSF2.	  The	  authors	  concluded	  that	  the	  high	  level	  of	  similarity	  between	  the	  cytokine	  gene	  repertoires	  of	  therians	  suggests	  that	  the	  marsupial	  immune	  response	  is	  highly	  similar	  to	  eutherians.133	  IL-­‐2	  is	  another	  important	  immunological	  cytokine	  recently	  identified	  in	  the	  common	  brushtail	  possum	  (Trichosurus	  vulpecula)	  using	  genomic	  information.	  IL-­‐2	  functions	  include	  regulation	  and	  differentiation	  of	  T	  cells	  and	  the	  activation	  of	  NK	  cells.196	  IL-­‐2	  is	  of	  particular	  importance	  with	  regard	  immunity	  to	  N.	  
caninum	  as	  it	  has	  a	  significant	  role	  in	  T	  cell	  proliferation,	  regulation	  and	  memory	  functions	  associated	  with	  CMI.197	  It	  is	  produced	  primarily	  by	  activated	  T	  helper	  cells.198	  The	  IL-­‐2	  gene	  was	  identified	  using	  rapid	  amplication	  of	  cDNA	  ends	  using	  probes	  from	  the	  available	  genome,	  and	  IL-­‐2	  has	  been	  identified	  in	  mitogen-­‐stimulated	  lymph	  node	  cells	  from	  the	  common	  brushtail	  possum.198	  	  
Immunohistochemical	  investigation	  of	  the	  marsupial	  immune	  system	  A	  summary	  of	  published	  immunohistochemical	  assessment	  of	  marsupial	  tissues	  is	  shown	  in	  Appendices	  2.2	  and	  2.3.	  Appendix	  2.2	  provides	  a	  summary	  of	  immunohistochemical	  labelling	  of	  N.	  caninum	  and	  T.	  
gondii	  in	  marsupial	  species.	  Appendix	  2.3	  provides	  a	  summary	  of	  immunohistochemical	  labelling	  of	  lymphoid	  or	  haematopoietic	  tissues	  in	  marsupials,	  retrieved	  via	  an	  extensive	  PubMed	  search	  for:	  ‘marsupial’	  and	  ‘CD3’,	  ‘CD4’,	  ‘CD8’,	  ‘CD79’,	  ‘MHC’,	  or	  ‘immune'.	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2.2	  INTRODUCTION	  	  
Initially,	  neosporosis	  was	  recognised	  as	  a	  disease	  of	  significant	  economical	  importance	  to	  the	  cattle	  industry	  and	  a	  major	  contributor	  to	  neuromuscular	  disease	  in	  neonatal	  and	  young	  dogs.	  With	  increasing	  disease	  surveillance	  and	  knowledge	  of	  the	  parasite	  additional	  sylvatic	  lifecycles	  have	  been	  identified,	  and	  reports	  are	  appearing	  of	  disease	  within	  marsupial	  species.	  	  
2.21	  Dasyurids	  appear	  highly	  susceptible	  to	  neosporosis	  The	  host	  response	  to	  infection	  by	  N.	  caninum	  has	  been	  well	  documented	  in	  the	  eutherian	  species,	  particularly	  within	  cattle.	  There	  is	  also	  considerable	  knowledge	  gained	  from	  experimental	  disease	  in	  various	  mouse	  models.	  A	  comparison	  of	  the	  clinical	  observations	  and	  histopathological	  descriptions	  of	  experimental	  disease	  in	  the	  MPA-­‐immunosuppressed	  Swiss	  white	  or	  the	  athymic	  nude	  (BALB/c	  nu/nu)	  mice	  highlights	  clear	  similarities	  and	  differences	  to	  those	  reported	  in	  S.	  crassicaudata.	  	  Experimental	  inoculation	  with	  N.	  caninum	  in	  the	  Swiss	  white	  mice	  highly	  immunosuppressed	  with	  4mg	  of	  MPA	  resulted	  in	  death	  at	  11-­‐13	  days	  post	  inoculation	  with	  severe	  disseminated	  disease	  and	  no	  cyst	  formation.	  Less	  severely	  suppressed	  mice	  receiving	  2mg	  of	  MPA	  did	  develop	  cysts,	  but	  not	  until	  21	  days	  post	  inoculation	  and	  then	  only	  within	  the	  brain.	  They	  also	  experienced	  milder,	  predominantly	  neurological	  disease.	  Neosporosis	  in	  athymic	  nude	  mice	  also	  resulted	  in	  neurological	  disease,	  along	  with	  other	  pathology	  such	  as	  generalised	  lymphadenomegally	  and	  pancreatic	  necrosis,	  the	  development	  of	  clinical	  signs	  from	  18-­‐20	  days	  post	  inoculation,	  and	  the	  intracellular	  proliferation	  of	  tachyzoites	  but	  no	  observable	  cysts.	  Similar	  to	  disease	  observed	  in	  these	  immunocompromised	  mouse	  models	  experimental	  neosporosis	  in	  S.	  
crassicaudata	  resulted	  in	  severe	  disseminated	  disease	  requiring	  euthanasia	  at	  13-­‐18	  days	  post	  inoculation.	  In	  contrast	  to	  them,	  disease	  was	  associated	  with	  formation	  of	  large	  numbers	  of	  tissue	  cysts	  (on	  the	  basis	  of	  BAG-­‐5	  labelling)	  in	  tissues	  other	  than	  the	  brain,	  and	  disease	  was	  not	  predominantly	  neurological.	  These	  comparisons	  ignore	  differences	  in	  strain	  of	  organism,	  although	  comparatively	  high	  susceptibility	  to	  neosporosis	  in	  dasyurids	  is	  supported	  by	  the	  finding	  of	  70%	  survival	  in	  6-­‐8	  week	  old	  BALB/c	  mice	  inoculated	  with	  the	  NC-­‐Nowra	  strain.	  Given	  that	  experimental	  inoculation	  of	  dunnarts	  has	  been	  shown	  to	  be	  rapidly	  fatal	  there	  is	  a	  high	  potential	  for	  this	  parasite	  to	  place	  additional	  survival	  pressure	  on	  marsupial	  species.	  It	  is	  therefore	  important	  to	  gain	  a	  greater	  understanding	  of	  the	  reasons	  for	  the	  relatively	  high	  susceptibility	  of	  dasyurids	  to	  experimental	  neosporosis.	  	  	  
2.22	  Identifying	  the	  components	  of	  the	  host	  cellular	  response	  Knowledge	  of	  the	  marsupial	  immune	  system	  is	  rapidly	  expanding	  and	  contributing	  to	  the	  understanding	  of	  a	  system	  of	  comparable	  complexity	  to	  that	  of	  eutherian	  mammals.	  Identifying	  a	  reason	  for	  high	  disease	  susceptibility	  must	  therefore	  include	  an	  examination	  of	  the	  marsupial	  host	  immune	  response	  to	  neosporosis.	  The	  first	  step	  in	  defining	  this	  response	  is	  to	  describe	  the	  nature	  of	  the	  disease	  within	  these	  species,	  with	  emphasis	  on	  the	  host	  cellular	  response.	  A	  large	  amount	  of	  information	  about	  the	  nature	  of	  this	  response	  can	  be	  gained	  from	  examination	  of	  H&E	  stained	  or	  histochemically	  stained	  histopathological	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specimens,	  including	  toluidine	  blue	  staining	  for	  detection	  of	  mast	  cells.	  Further	  detail	  requires	  use	  of	  additional	  technologies.	  One	  such	  approach	  is	  the	  use	  of	  immunohistochemistry	  to	  identify	  specific	  cellular	  targets	  and	  gain	  a	  more	  detailed	  understanding	  of	  the	  cell	  types	  present.	  Immunohistochemistry	  has	  been	  especially	  useful	  for	  defining	  the	  cellular	  nature	  of	  the	  host	  immune	  response,	  with	  particular	  emphasis	  on	  subcategorizing	  the	  types	  of	  lymphoid	  cells	  present.	  A	  brief	  introduction	  to	  individual	  targets	  for	  particular	  cells	  follows.	  	  	  
B	  lymphocyte	  targets	  Antibodies	  targeting	  different	  cellular	  targets	  have	  been	  evaluated	  for	  identification	  of	  B	  cells,	  across	  various	  animal	  species.	  As	  with	  most	  antibodies,	  the	  majority	  of	  these	  have	  been	  developed	  against	  human	  antigens.	  CD79a	  and	  CD79b	  are	  two	  such	  antibodies	  that	  target	  the	  mb-­‐1	  and	  B29	  polypeptides,	  respectively.	  These	  polypeptides	  form	  a	  heterodimer	  associated	  with	  membrane	  immunoglobulin	  of	  B	  cells	  and	  contribute	  to	  the	  formation	  of	  the	  B	  cell	  antigen	  receptor	  complex.199	  Of	  the	  two,	  CD79a	  has	  shown	  the	  more	  restricted	  cross-­‐species	  reactivity.	  The	  anti-­‐PAX5	  antibody	  targets	  the	  B	  cell-­‐specific	  activator	  protein,	  clone	  DAK-­‐PAX5	  (also	  know	  as	  the	  paired	  box	  protein	  5),	  which	  is	  a	  B	  cell	  transcription	  factor.200	  This	  protein	  is	  expressed	  in	  pro-­‐,	  pre-­‐	  and	  mature	  B	  cells,	  but	  not	  in	  plasma	  cells,	  with	  the	  expectation	  of	  less	  non-­‐specific	  plasma	  cell	  labelling	  and	  labelling	  of	  a	  wider	  spectrum	  of	  the	  B	  cell	  line,	  compared	  with	  the	  other	  B	  cell	  markers.	  There	  are	  no	  published	  reports	  of	  the	  anti-­‐PAX5	  antibody	  having	  been	  evaluated	  in	  a	  marsupial	  species.	  Optimisation	  of	  staining	  in	  our	  laboratory	  with	  this	  antibody	  has	  been	  successful	  using	  specimens	  from	  multiple	  eutherian	  species,	  including	  dog,	  cat	  and	  pigmy	  hippapotamus.201	  
T	  lymphocyte	  targets	  T	  cells	  can	  be	  identified	  by	  the	  presence	  of	  the	  CD3	  cell	  surface	  molecule	  made	  up	  of	  at	  least	  four	  subunits,	  which	  is	  complexed	  with	  the	  T	  cell	  receptor	  (TCR).202	  CD3	  proteins	  mediate	  signal	  transduction	  following	  antigen	  recognition	  by	  the	  TCR.	  The	  CD3	  antigen	  is	  detectable	  in	  early	  thymocytes	  where	  it	  is	  cytoplasmic,	  through	  to	  mature	  T	  cells	  where	  it	  is	  membrane-­‐associated.	  T	  lymphocytes	  may	  be	  subclassified	  based	  initially	  on	  the	  presence	  of	  additional	  cell	  surface	  molecules,	  using	  antibody	  to	  detect	  CD4+	  cells	  (generally	  helper	  T	  cells)	  and	  CD8+	  cells	  (generally	  cytotoxic	  T	  cells).	  Furthermore,	  the	  T	  helper	  cell	  population	  can	  be	  designated	  as	  one	  of	  the	  four	  types	  discussed	  earlier	  (Th1,	  Th2,	  Th17	  or	  inducible	  T	  regulatory	  cells)	  on	  the	  basis	  of	  differing	  cytokine	  elaboration.	  Given	  the	  expected	  Th1	  bias	  to	  inflammation	  in	  response	  to	  an	  intracellular	  parasite	  such	  as	  N.	  caninum,	  detection	  of	  cytokines	  such	  as	  IFN-­‐γ	  and	  IL-­‐12	  would	  be	  of	  interest.	  	  	  
Granulocyte	  and	  macrophage	  targets	  The	  MAC387	  clone	  is	  variably	  known	  as	  an	  anti-­‐macrophage	  or	  anti-­‐myeloid-­‐histiocyte	  marker.	  It	  targets	  the	  L1-­‐antigen	  or	  calprotectin	  molecule,	  which	  is	  a	  member	  of	  the	  S100	  family.	  This	  is	  an	  intracytoplasmic	  antigen	  containing	  a	  12kD	  alpha	  chain	  and	  14kD	  beta	  chain,	  and	  is	  expressed	  by	  circulating	  and	  emigrated	  granulocytes	  such	  as	  neutrophils	  and	  eosinophils,	  monocytes,	  and	  a	  subset	  of	  tissue	  macrophages.203,204	  It	  is	  also	  expressed	  by	  squamous	  mucosal	  epithelium	  and	  reactive	  epidermis.	  In	  addition,	  staining	  of	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pilosebaceous	  units	  within	  dermis	  is	  reported.	  Macrophages	  derived	  from	  haematopoietic	  stem	  cells	  in	  bone	  marrow	  are	  present	  in	  most	  tissues.	  They	  include	  histiocytes,	  Kupffer	  cells,	  osteoclasts,	  microglial	  cells	  in	  which	  variable	  staining	  is	  reported,	  synovial	  type	  A	  cells,	  interdigitating	  cells,	  splenic,	  alveolar	  and	  mesangial	  macrophages,	  and	  Langerhans	  cells	  in	  normal	  tissues.	  In	  inflamed	  tissue	  variable	  labelling	  is	  reported	  with	  epithelioid	  macrophages	  and	  with	  multinucleated	  giant	  cells	  of	  Langerhans-­‐	  and	  foreign-­‐body-­‐type.203,204	  Macrophage	  function	  includes:	  non-­‐specific	  phagocytosis	  and	  pinocytosis;	  specific	  phagocytosis	  of	  opsonised	  micro-­‐organisms	  mediated	  by	  co-­‐signaling	  by	  Fc	  receptors	  and	  complement	  receptors;	  destruction	  of	  ingested	  microorganisms;	  antigen	  presentation	  to	  T	  and	  B	  lymphocytes;	  and	  secretion	  of	  numerous	  substances	  including	  enzymes	  like	  lysosyme	  and	  collagenase,	  complement	  components,	  coagulation	  factors,	  and	  cytokines	  and	  other	  regulatory	  molecules	  including	  prostaglandins,	  leukotrienes,	  interferon,	  and	  interleukins.205	  
Antigen	  presenting	  cell	  targets	  The	  MHC	  is	  a	  cluster	  of	  tightly	  linked	  genes	  divided	  into	  three	  classes	  on	  the	  basis	  of	  structural	  and	  functional	  characteristics.	  In	  humans,	  MHCII	  genes	  encode	  for	  the	  human	  leucocyte	  antigen	  system	  (HLA)	  –	  DP,	  DQ,	  DR	  molecules.206	  The	  role	  of	  these	  molecules	  is	  antigen	  presentation	  to	  CD4+	  T	  cells,	  usually	  involving	  peptides	  derived	  from	  exogenous	  proteins.	  These	  molecules	  are	  constitutively	  expressed	  on	  antigen	  presenting	  cells,	  including	  activated	  B	  cells,	  monocytes/macrophages	  and	  dendritic	  cells.	  They	  can	  also	  be	  detected	  on	  activated	  (cytotoxic	  and	  suppressor)	  T	  cells	  and	  activated	  granulocytes.	  Furthermore,	  expression	  can	  be	  induced	  in	  fibroblasts	  and	  endothelial	  cells	  following	  activation	  or	  exposure	  to	  cytokines	  such	  as	  interferon	  γ,	  TNF	  and	  interleukin-­‐10.206	  
Plasma	  cell	  targets	  Plasma	  cells	  develop	  from	  antigen	  stimulated	  B	  cells.96	  Antibodies	  targeting	  specific	  immunoglobulin	  isotypes	  enable	  identification	  of	  plasma	  cells	  producing	  these	  various	  classes	  of	  immunoglobulin.	  Marsupials	  possess	  genes	  for	  production	  of	  all	  classes	  of	  immunoglobulin	  identified	  in	  eutherian	  species.	  	  	  
2.23	  Methods	  development	  
Development	  of	  an	  alternative	  labelling	  protocol	  for	  N.	  caninum	  An	  alternative	  staining	  protocol	  using	  the	  anti-­‐N.	  caninum	  antibody	  was	  developed	  during	  the	  course	  of	  this	  study	  to	  improve	  the	  specificity	  of	  staining	  by	  reducing	  the	  non-­‐specific	  background	  staining,	  and	  thereby	  increase	  confidence	  in	  assessment	  of	  appropriate	  positive	  labelling.	  The	  initial	  protocol	  used	  a	  commercial	  labelled	  streptavidin	  biotin	  and	  streptavidin	  conjugated	  to	  horseradish	  peroxidase	  technique	  (Universal	  LSAB™+	  Kit/HRP,	  K0690;	  Dako	  Denmark	  A/S)	  to	  enable	  detection	  of	  the	  goat-­‐derived	  primary	  antibody	  without	  the	  need	  for	  an	  additional	  secondary	  antiglobulin.	  Alternative	  protocols	  using	  various	  combinations	  of	  heat-­‐induced	  epitope	  retrieval	  (HIER)	  or	  enzymatic	  antigen	  retrieval	  using	  Proteinase	  K,	  various	  dilutions	  of	  primary	  antibody,	  and	  alternative	  secondary	  and	  tertiary	  antibodies	  were	  trialled.	  The	  alternative	  protocol	  developed	  utilized	  a	  peroxidase-­‐conjugated	  polymer	  tertiary	  antibody	  (Dako	  REAL	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EnVision	  Detection	  System,	  Peroxidase/DAB+,	  Rabbit/Mouse,	  K5007).	  A	  reduction	  in	  non-­‐specific	  background	  staining	  with	  this	  reagent	  is	  expected	  due	  to	  the	  inclusion	  of	  proprietary	  stabilising	  proteins.207	  	  
2.3	  HYPOTHESIS	  AND	  AIMS	  
It	  is	  hypothesised	  that	  the	  comparatively	  high	  disease	  susceptibility	  with	  rapid	  and	  prolific	  cyst	  formation	  in	  S.	  crassicaudata	  following	  inoculation	  with	  N.	  caninum	  is	  associated	  with	  an	  altered	  host	  cellular	  response	  to	  that	  described	  in	  eutherian	  mammals.	  	  To	  assess	  this	  hypothesis	  this	  study	  aims	  to	  characterise	  the	  nature	  of	  cellular	  infiltrates	  present	  within	  tissues	  of	  S	  crassicaudata	  infected	  with	  N.	  caninum,	  using	  histochemical	  and	  immunohistochemical	  staining	  to	  supplement	  assessment	  based	  on	  cell	  morphology	  in	  H&E	  stained	  sections.	  These	  results	  can	  then	  to	  be	  compared	  with	  those	  reported	  in	  eutherian	  animals,	  in	  particular	  mice.	  	  
2.4	  MATERIALS	  AND	  METHODS	  
2.41	  Animal	  and	  intervention	  details	  Thirteen	  fat-­‐tailed	  dunnarts	  from	  the	  captive	  bred	  colony	  at	  the	  University	  of	  Sydney	  were	  intraperitoneally	  inoculated	  with	  104	  or	  105	  freshly	  harvested	  N.	  caninum	  tachyzoites	  of	  the	  NC-­‐Nowra	  isolate,	  or	  just	  the	  phosphate	  buffered	  saline	  diluent.	  Experimental	  animals	  were	  1-­‐2	  year	  old	  male	  dunnarts	  weighing	  13.0-­‐18.1g.	  Body	  mass	  (g)	  and	  tail	  width	  (mm)	  were	  monitored	  throughout	  the	  experiment	  as	  an	  index	  of	  general	  animal	  health.	  Animal	  activity	  was	  assessed	  by	  distance	  travelled	  on	  an	  exercise	  wheel	  with	  an	  odometer	  that	  recorded	  daily	  running	  time	  and	  trip	  distance	  during	  the	  experiment.	  	  An	  initial	  cohort	  received	  an	  intraperitoneal	  dose	  of	  104	  tachyzoites	  (experiment	  A),	  while	  a	  second	  cohort	  received	  a	  dose	  of	  105	  tachyzoites	  after	  no	  adverse	  clinical	  signs	  were	  observed	  in	  the	  first	  group	  (experiment	  B1).	  Experiment	  B	  was	  repeated	  on	  a	  third	  cohort	  for	  confirmation	  of	  clinical	  outcomes	  (experiment	  B2).	  Each	  experimental	  cohort	  included	  one	  negative	  control	  (uninfected)	  animal.	  A	  single	  positive	  control	  animal	  in	  experiment	  A	  was	  immunosuppressed	  by	  administration	  of	  3mg	  of	  methylprednisolone	  acetate	  at	  the	  time	  of	  inoculation	  (104	  dose	  of	  tachyzoites).	  	  Two	  additional	  animals	  (experiment	  E)	  were	  fed	  20-­‐40,	  4-­‐month-­‐old,	  sporulated	  oocysts	  of	  N.	  caninum	  collected	  from	  the	  faeces	  of	  a	  naturally	  shedding	  dog	  from	  an	  Aboriginal	  community	  in	  the	  Tanami	  Desert,	  Northern	  Territory,	  Australia.	  All	  experimental	  procedures	  were	  approved	  by	  the	  University	  of	  Sydney	  Animal	  Ethics	  Committee	  and	  complied	  with	  NSW	  Animal	  Welfare	  Acts.	  Table	  2.3	  provides	  a	  summary	  of	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the	  animal	  details	  such	  as	  animal	  and	  specimen	  nomenclature,	  and	  of	  the	  intervention	  details	  such	  as	  N.	  
caninum	  dose,	  route	  of	  administration	  and	  life	  stage	  	  Details	  of	  the	  experimental	  design	  have	  been	  previously	  published	  by	  King	  et	  al,	  2011.115	  
Animal	  grouping	  For	  the	  purposes	  of	  investigating	  pathology	  associated	  with	  neosporosis	  and	  the	  host	  cellular	  response,	  a	  subset	  of	  the	  15	  animals	  included	  in	  the	  study	  was	  divided	  into	  3	  groups	  based	  on	  whether	  or	  not	  they	  were	  inoculated	  with	  N.	  caninum	  and	  the	  method	  of	  this	  inoculation.	  These	  subset	  groups	  are	  summarised	  as	  follows:	  
• The	  tachyzoite	  inoculated	  group	  contained	  three	  animals	  inoculated	  with	  105	  tachyzoites	  intraperitoneally	  and	  included	  animals	  B11,	  B21	  and	  B22;	  
• The	  oocyst	  inoculated	  group	  was	  composed	  of	  animals	  inoculated	  with	  20-­‐40	  oocysts	  per	  os	  and	  included	  animals	  E1	  and	  E2;	  and,	  	  
• The	  negative	  control	  group	  was	  composed	  of	  animals	  not	  exposed	  to	  N.	  caninum	  and	  included	  animals	  B14	  and	  B24.	  Individual	  animal	  selection	  prioritised	  inclusion	  of	  animals	  showing	  representative	  histopathological	  changes	  for	  each	  intervention,	  after	  reviewing	  the	  specimens	  from	  the	  entire	  experimental	  population	  of	  15	  animals.	  
Specimen	  collection	  and	  processing	  All	  euthanised	  animals	  from	  the	  experimental	  population	  were	  investigated	  by	  necropsy	  and	  complete	  histopathology.	  Specimens	  from	  the	  brain,	  heart,	  lung,	  liver,	  kidneys,	  eyes,	  spleen,	  pancreas,	  urinary	  bladder,	  testes,	  accessory	  sex	  glands,	  stomach,	  intestine	  and	  skeletal	  muscle	  from	  the	  thigh	  were	  placed	  in	  10%	  neutral	  buffered	  formalin	  for	  a	  minimum	  of	  24	  hours,	  routinely	  processed	  to	  paraffin-­‐embedded	  blocks,	  and	  5μm	  haematoxylin	  and	  eosin	  stained	  sections	  were	  prepared.	  In	  the	  laboratory	  individual	  animals	  were	  given	  a	  sample	  number	  and	  individual	  tissue	  blocks	  identified	  by	  letters.	  	  
2.42	  Characterization	  of	  host	  cellular	  response	  
Histochemical	  characterisation	  of	  host	  cell	  response	  All	  H&E	  stained	  specimens	  from	  animals	  included	  in	  the	  investigation	  of	  host	  response	  were	  reviewed	  as	  part	  of	  the	  investigation	  of	  host	  cellular	  response	  to	  N.	  caninum	  infection.	  Furthermore,	  toluidine	  blue	  staining	  for	  identification	  of	  mast	  cells	  was	  performed	  on	  all	  specimens.	  The	  purpose	  of	  this	  staining	  was	  to	  evaluate	  mast	  cell	  number	  and	  distribution	  within	  cellular	  infiltrates.	  It	  was	  also	  necessary	  to	  assist	  with	  differentiating	  non-­‐specific	  round	  cell	  labelling	  with	  multiple	  of	  the	  immunohistochemical	  stains.	  Cells	  were	  assessed	  as	  mast	  cells	  based	  on	  the	  presence	  of	  metachromatic	  staining	  of	  cytoplasmic	  granules	  in	  cells	  displaying	  typical	  morphology	  –	  generally	  large	  round	  cells,	  although	  they	  often	  appeared	  angular	  and	  small	  to	  medium-­‐sized	  when	  present	  within	  stromal	  tissue.
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Table 2.3. Animal and sample nomenclature for the entire experimental population  
N. caninum inoculation 
(dose, stage, route) 
Animal number 
(experiment/number) 
Sample number  
(laboratory reference) 
104 N. caninum tachyzoites, i.p. A1 0941/10 
 A2 0942/10 
 A3 0943/10 
 A4 (PC)# 0856/10 
105 N. caninum tachyzoites, i.p. B11 1089/10 
 B12 1090/10 
 B13 1091/10 
 B21 1440/10 
 B22 1441/10 
 B23 1442/10 
20-40 N. caninum oocysts, p.o. E1 1151/10 
 E2 1152/10 
None (negative control animals) A5 0944/10 
 B14 1150/10 
 B24 1443/10 
# Positive control (PC) animal that also received 3mg of methylprednisolone; i.p.=intraperitoneal; p.o.=per os.  
 
 
Immunohistochemical	  characterisation	  of	  host	  cell	  response	  An	  extensive	  immunohistochemical	  investigation	  of	  tissue	  specimens	  aimed	  to	  further	  define	  the	  nature	  of	  the	  host	  response	  to	  infection	  with	  N.	  caninum	  using	  markers	  targeting	  cells	  of	  the	  immune	  system.	  Recent	  mapping	  of	  the	  genome	  in	  multiple	  marsupial	  species	  has	  enabled	  the	  development	  of	  novel	  monoclonal	  antibodies	  against	  specific	  antigens.	  Four	  such	  antibodies	  (targeting	  IgM-­‐	  and	  IgG-­‐producing,	  and	  CD4-­‐	  and	  CD8-­‐positive	  cells)	  developed	  against	  Tasmanian	  devil	  antigens	  were	  kindly	  provided	  in	  small	  quantity	  for	  inclusion	  in	  this	  study.	  The	  Tasmanian	  devil	  and	  the	  dunnart	  are	  closely	  related	  dasyurids	  species,	  prompting	  anticipation	  of	  successful	  cross-­‐species	  reactivity	  with	  these	  antibodies.	  	  Selection	  of	  blocks	  for	  staining	  with	  particular	  antibodies	  was	  made	  with	  the	  intention	  of	  labelling	  a	  range	  of	  tissues	  from	  animals	  inoculated	  with	  either	  oocysts	  or	  tachyzoites,	  and	  from	  negative	  control	  animals	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for	  comparison	  with	  infected	  animals.	  Limitation	  on	  the	  number	  of	  blocks	  that	  could	  be	  stained	  with	  particular	  antibodies	  was	  due	  to	  a	  finite	  volume	  of	  available	  antibody.	  This	  was	  particularly	  the	  case	  with	  the	  novel	  monoclonal	  antibodies	  raised	  against	  Tasmanian	  devil	  antigens	  (CD4+,	  CD8+,	  IgM,	  and	  IgG).	  
Immunohistochemical	  labelling	  protocols	  for	  the	  cellular	  markers	  From	  the	  formalin	  fixed	  paraffin	  embedded	  (FFPE)	  specimens,	  4	  µm	  serial	  sections	  were	  cut	  on	  to	  adhesive-­‐coated	  microscope	  slides	  (Colourfrost	  Microscope	  Slides,	  HD	  41800	  1P0,	  HD	  Scientific	  Supplies	  Pty	  Ltd,	  Australia)	  and	  incubated	  at	  58oC	  for	  24	  hours	  to	  maximize	  specimen	  drying	  and	  slide	  adhesion.	  Xylene-­‐based	  deparaffinisation	  (100%,	  4	  minutes,	  two	  changes)	  was	  followed	  by	  hydration	  in	  decreasing	  alcohol	  concentrations	  (100%,	  3	  minutes,	  95%	  and	  70%,	  10	  seconds	  each;	  two	  changes	  of	  each)	  then	  resting	  in	  a	  water	  bath.	  Unless	  otherwise	  specified,	  antigen	  retrieval	  was	  achieved	  by	  HIER	  with	  slide	  immersion	  in	  a	  standardised	  volume	  of	  a	  commercial	  citrate	  buffered	  solution	  (pH	  6	  Target	  Retrieval	  Solution,	  Dako,	  S2369)	  and	  heating	  at	  maximum	  power	  in	  a	  Sanyo	  1100W	  microwave	  oven	  (EM-­‐S8588V)	  for	  13	  minutes	  (equivalent	  to	  a	  total	  boiling	  time	  of	  5	  minutes).	  Slides	  were	  then	  cooled	  to	  room	  temperature	  over	  a	  minimum	  of	  40	  minutes.	  Alternatively,	  chemical	  antigen	  retrieval	  was	  achieved	  with	  application	  of	  Proteinase	  K	  (Dako	  Proteinase	  K	  Ready-­‐to-­‐Use	  (Dako,	  S3020))	  for	  10	  minutes	  at	  room	  temperature	  prior	  to	  application	  of	  the	  primary	  antibody.	  The	  immunohistochemical	  labelling	  was	  performed	  in	  an	  automated	  stainer	  (DakoCytomation	  Autostainer	  Plus	  Model	  LV-­‐1,	  California)	  and	  all	  incubations	  following	  antigen	  retrieval	  were	  performed	  at	  room	  temperature.	  Sections	  were	  rinsed	  between	  reagent	  applications	  (excluding	  after	  protein-­‐blocking,	  where	  applicable)	  with	  tris-­‐buffered	  saline	  (prepared	  as	  per	  Appendix	  2.4).	  Blocking	  of	  endogenous	  peroxidase	  activity	  was	  achieved	  by	  application	  of	  3%	  H2O2	  for	  15	  minutes,	  and	  where	  performed,	  non-­‐specific	  protein	  binding	  was	  minimised	  by	  incubation	  with	  a	  commercial	  casein-­‐based	  reagent	  for	  10	  minutes	  (Blocking	  Solution	  Ready-­‐to-­‐Use,	  110	  050,	  Candor	  Bioscience	  GmgH,	  Germany).	  Test	  and	  positive	  control	  slides	  were	  incubated	  for	  60	  minutes	  with	  the	  primary	  antibody	  optimally	  diluted	  (Table	  2.4);	  negative	  control	  sections	  were	  incubated	  with	  mouse	  IgG1	  for	  the	  monoclonal	  antibodies,	  species	  appropriate	  serum,	  or	  had	  the	  primary	  antibody	  omitted	  for	  the	  polyclonal	  antibodies.	  Detection	  of	  antigen-­‐antibody	  binding	  was	  achieved	  using	  a	  Rabbit/Mouse	  secondary	  antibody	  (Dako	  REAL	  EnVision	  Detection	  System,	  Peroxidase/DAB+,	  Rabbit/Mouse,	  K5007)	  incubated	  for	  30	  minutes,	  and	  diaminobenzidine	  chromogen	  staining	  for	  5	  minutes	  (Dako	  Liquid	  DAB	  Substrate	  Chromogen	  System,	  K3466).	  Slides	  were	  then	  returned	  to	  the	  water	  bath	  for	  5	  minutes,	  before	  being	  counterstained	  (Whitlock’s	  haematoxylin,	  40	  seconds;	  Scott’s	  blueing	  reagent,	  2	  minutes)	  and	  routinely	  dehydrated	  in	  solutions	  of	  increasing	  alcohol	  concentration	  (70%,	  95%	  and	  100%	  for	  10	  seconds,	  two	  changes	  of	  each,	  and	  50:50	  alcohol:xylene,	  30	  seconds)	  and	  xylene	  (100%,	  4	  minutes,	  four	  changes)	  ready	  for	  coverslipping	  with	  an	  in-­‐house-­‐prepared,	  non-­‐aqueous,	  mounting	  medium	  (e.g.	  DPX,	  a	  synthetic	  resin	  mountant	  prepared	  using	  a	  combination	  of	  xylol,	  dibutylphthalate	  and	  Styron	  666).	  Details	  of	  additional	  protocol	  reagents	  are	  summarised	  in	  Appendix	  2.5.	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Control	  sections	  Slides	  undergoing	  immunohistochemical	  staining	  contained	  multiple	  tissue	  specimens	  sufficient	  to	  provide	  on-­‐slide	  positive	  controls	  for	  labelling.	  Canine	  and	  feline	  specimens	  of	  known	  reactivity	  were	  used	  in	  the	  initial	  validation	  and	  optimisation	  stages	  where	  an	  antibody	  had	  not	  previously	  been	  validated	  in	  a	  dasyurid.	  Negative	  control	  sections	  routinely	  omitted	  the	  primary	  antibody,	  or	  where	  monoclonal	  mouse	  IgG	  antibodies	  were	  being	  used	  alone,	  IgG1	  negative	  control	  was	  used	  in	  place	  of	  the	  primary	  antibody	  at	  the	  same	  dilution	  as	  that	  antibody.	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Table 2.4. Detail of all antibodies trialled and their intended target 
Primary antibody Clone Manufacturer (Code) Type Dilution 
(optimal) 
Antigen 
retrieval 
Target cell or structure 
CD3 CD3epsilon 
chain 
Dako, Denmark A/S 
(A0452) 
Polyclonal rabbit anti-human 
CD3 
1:400 HIER pH6 T lymphocytes (CD3 complex bound to 
TCR)202  
 
CD4 - Customb Monoclonal mouse anti-
Tasmanian devil CD4 
1:50 HIER pH6 CD4+ helper T lymphocytes 
CD8 - Customb Monoclonal mouse anti-
Tasmanian devil CD8 
1:10 HIER pH6 CD8+ cytotoxic T lymphocytes 
CA1.4E9 LABL, USA Monoclonal mouse anti-
canine CD18 (IgG1) 
N/A (1:100)c HIER pH9 CD18 
ITGB2 Sigma-Aldrich, Germany 
(HPA016894) 
Polyclonal rabbit anti-human 
ITGB2 
N/A (1:100)c HIER pH6 
Various myeloid and lymphoid cells (used a 
macrophages marker in combination with 
other CD markers) (Integrin beta-2 
precursor) 
CD79a HM57 Dako, Denmark A/S 
(M7051) 
Monoclonal mouse anti-
human CD79αcy (IgG1k) 
N/A (1:100)c HIER pH9 B lymphocytes (Mb-1 polypeptide of the B 
cell antigen receptor complex)199  
CD79b AT107-2 AbD Serotec, USA  Monoclonal rat anti-mouse 
CD79b (IgG1) 
1:100a HIER pH6 B lymphocytes (CD79b polypeptide 
component of B cell antigen receptor 
complex)208 
IgG - Customb Monoclonal mouse anti-
Tasmanian devil IgG 
1:50 HIER pH6 
 
Plasma cells (IgG isotype) 
IgM - Customb Monoclonal mouse anti-
Tasmanian devil IgM  
1:10 HIER pH6 Plasma cells (IgM isotype) 
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IFN-γ 7B6 AbD Serotec, USA 
(MCA1964) 
Monoclonal mouse anti-
bovine IFN γ (IgG1) 
N/A (1:100)c HIER pH6 
 
Cells and tissues showing an upregulation of 
γ interferon production 
MAC387 MAC387 AbD Serotec, USA 
(MCA874G) 
Monoclonal mouse anti-
human macrophages (IgG1) 
1:200 HIER pH6 Granulocytes, monocytes, and tissue 
macrophages (L1-antigen, intracytoplasmic) 
203,204  
IL-4 IL-4 AbD Serotec, USA 
(MCA1820) 
Monoclonal mouse anti-
bovine IL4  
N/A (1:50)c HIER pH6 Cells and tissues showing an upregulation of 
IL-4 production 
MCHII CR3/43 Dako, Denmark A/S 
(M0775) 
Monoclonal mouse anti-
human HLA-DP, DQ, DR 
antigen (IgG1k) 
N/A (1:100)c  HIER pH6 Antigen presenting cells -B cells, 
monocytes/macrophages, dendritic cells (as 
well cytotoxic/suppressor T cells and 
activated granulocytes) but is unreactive with 
normal (non-activated) T cells (beta-chain of 
the beta-heterodimer of MHCII antigen)206 
Negative control 
mouse IgG1 
DAK-GO1 Dako, Denmark A/S 
(X0931) 
Monoclonal mouse (IgG1k)  Variable HIER pH6 An isotype negative control directed against 
an irrelevant antigen (Aspergillus niger 
glucose oxidase) for detection of non-
specific binding by monoclonal antibodies209 
PAX5 DAK-Pax5 
(paired box 
protein 5) 
Dako, Denmark A/S 
(M7307) 
Monoclonal mouse anti-
human (IgG1k) 
1:2,000 HIER pH6 B lymphocytes – pro-, pre- and mature cells 
(B cell-specific activator protein)200 
Rabbit anti-goat - Dako, Denmark A/S 
(P0449) 
Polyclonal rabbit anti-goat 
immunoglobulins/HRP 
1:200 - Reacts with goat immunoglobulins of all 
classes210 
a Sections were stained at an primary antibody dilution of 1/100. Further refinement of the protocol showed that optimal labelling was achieved with a dilution of 1/200. 
b Custom monoclonal antibody developed against the appropriate antigen in the Tasmanian devil, kindly supplied by Dane Hayes from the Department of Primary Industries, Parks, Water and Environment 
Tasmania.TCR=T cell receptor; HLA=human leucocyte antigen. 
c N/A = effective staining not achieved. Optimal staining for this antibody in other species provided in parenthesis as a guide. 
LABL = Leukocytes Antigen Biology Laboratory. Antibody supplied by Dr Peter Moore, University of California, Davis, USA. HIER=heat-induced epitope retrieval. 	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2.43	  Immunohistochemical	  labelling	  of	  N.	  caninum	  and	  its	  life	  stages	  
	  Initial	  protocol	  for	  labelling	  N.	  caninum	  and	  the	  bradyzoite-­specific	  TgBAG5	  marker	  Initial	  optimisation	  of	  immunohistochemical	  staining	  was	  performed	  using	  a	  polyclonal	  goat	  anti-­‐N.	  
caninum	  antibody	  (210-­‐70-­‐NC,	  VMRD,	  Pullman,	  WA,	  USA)	  at	  a	  1:6,000	  dilution,	  or	  a	  polyclonal	  rabbit	  anti-­‐
TgBAG5	  antibody	  (kindly	  provided	  by	  Dr	  Milton	  McAllister,	  University	  of	  Adelaide,	  South	  Australia,	  Australia)	  at	  a	  1:200	  dilution.	  Paraffin	  embedded	  sections	  were	  routinely	  dewaxed	  and	  rehydrated	  prior	  to	  processing	  using	  the	  DakoCytomation	  Autostainer	  system.	  Endogenous	  peroxidase	  blocking	  was	  achieved	  with	  15	  minute	  application	  of	  3%	  H2O2.	  Antigen	  retrieval	  was	  performed	  with	  Proteinase	  K	  (Ready-­‐to-­‐Use,	  S3020;	  Dako	  Australia,	  Campbellfield)	  prior	  to	  incubation	  with	  one	  of	  the	  primary	  antibodies	  for	  60	  minutes	  at	  room	  temperature.	  A	  peroxidase-­‐based	  diaminobenzidine	  (DAB)	  visualisation	  system	  (Universal	  LSAB™+	  Kit/HRP,	  K0690;	  Dako	  Australia,	  Campbellfield)	  was	  used	  for	  detection	  of	  antibody	  binding.	  Slides	  were	  lightly	  counterstained	  with	  Whitlock’s	  haematoxylin	  prior	  to	  routine	  dehydration	  and	  DPX	  mountant	  coverslipping.	  
Alternative	  protocol	  for	  labelling	  N.	  caninum	  Optimization	  of	  an	  alternative	  staining	  protocol	  for	  immunohistochemical	  identification	  of	  N.	  caninum	  was	  also	  developed.	  Paraffin	  embedded	  sections	  were	  routinely	  dewaxed	  and	  rehydrated	  prior	  to	  processing	  using	  the	  DakoCytomation	  Autostainer	  system.	  Endogenous	  peroxidase	  blocking	  was	  achieved	  with	  15	  minute	  application	  of	  3%	  H2O2.	  Antigen	  retrieval	  was	  performed	  with	  Proteinase	  K	  (Ready-­‐to-­‐Use,	  S3020;	  Dako	  Australia,	  Campbellfield)	  prior	  to	  incubation	  with	  the	  polyclonal	  goat	  anti-­‐N.	  caninum	  primary	  antibody	  (210-­‐70-­‐NC,	  VMRD,	  Pullman,	  WA,	  USA)	  at	  a	  1:20,000	  dilution	  for	  60	  minutes	  at	  room	  temperature.	  Slides	  were	  then	  incubated	  for	  30	  minutes	  with	  a	  polyclonal	  rabbit	  anti-­‐goat	  immunoglobulin	  (Polyclonal	  Rabbit	  Anti-­‐goat	  Immunoglobulins/HRP,	  P0449;	  Dako	  Denmark	  A/S)	  prior	  to	  application	  of	  a	  rabbit/mouse	  tertiary	  antibody	  (Dako	  REAL	  EnVision	  Detection	  System,	  Peroxidase/DAB+,	  Rabbit/Mouse,	  K5007;	  Dako	  Denmark	  A/S)	  for	  30	  minutes.	  Diaminobenzidine	  (DAB)	  visualisation	  was	  used	  (5	  minutes	  at	  room	  temperature).	  Slides	  were	  counterstained	  with	  Whitlock’s	  haematoxylin	  prior	  to	  routine	  dehydration	  and	  DPX	  coverslipping.	  
2.44	  Data	  Analysis	  
Grading	  for	  severity	  of	  N.	  caninum	  infection	  Prior	  to	  assessment	  of	  immunohistochemical	  staining	  outcomes	  the	  initial	  H&E	  stained	  sections	  were	  reviewed	  for	  the	  presence	  and	  severity	  of	  necrosis,	  and	  to	  assess	  the	  intensity	  and	  nature	  of	  any	  inflammatory	  infiltrates.	  	  The	  intensity	  of	  infection	  by	  N.	  caninum	  zoites	  and	  cysts	  was	  scored	  on	  a	  four-­‐point	  scale	  as	  negative,	  mild,	  moderate	  or	  marked	  following	  review	  of	  sections	  stained	  using	  the	  initial	  protocol	  for	  labelling	  N.	  caninum.	  This	  assessment	  was	  supplemented	  by	  the	  results	  of	  labelling	  using	  the	  alternative	  protocol.	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Grading	  for	  degree	  of	  tissue	  necrosis	  The	  degree	  of	  tissue	  necrosis	  present	  in	  infected	  tissues	  was	  scored	  on	  a	  four-­‐point	  scale	  as	  negative,	  mild,	  moderate	  or	  marked.	  Mild,	  moderate	  and	  marked	  tissue	  necrosis	  equated	  to	  necrosis	  assessed	  as	  less	  than	  approximately	  10%,	  11%	  to	  30%,	  and	  greater	  than	  30%	  of	  the	  tissue	  specimen,	  respectively.	  	  
Grading	  for	  intensity	  of	  inflammation	  Prior	  to	  assessment	  of	  the	  nature	  of	  the	  inflammatory	  infiltrate,	  the	  intensity	  of	  inflammation	  was	  estimated	  on	  a	  four-­‐point	  scale	  as	  negative,	  mild,	  moderate	  or	  marked.	  
Grading	  the	  degree	  of	  infiltration	  by	  cell	  type	  –	  assessment	  of	  nature	  of	  the	  infiltrate	  Positive	  immunohistochemical	  labelling	  of	  cells	  was	  assessed	  on	  the	  basis	  of	  appropriate	  location	  of	  cellular	  staining	  (nuclear,	  cytoplasmic,	  surface)	  in	  a	  cell	  of	  appropriate	  morphology	  with	  intensity	  able	  to	  be	  differentiated	  from	  any	  non-­‐specific	  staining	  of	  surrounding	  tissues.	  Staining	  was	  generally	  assessed	  as	  negative,	  weak,	  moderate,	  or	  strong.	  	  An	  indication	  of	  the	  degree	  of	  tissue	  infiltration	  by	  cells	  labelling	  with	  each	  of	  the	  individual	  antibodies	  was	  provided	  using	  a	  five-­‐point	  grading	  system	  of	  cell	  number	  –	  negative,	  rare,	  low,	  moderate	  and	  high.	  These	  levels	  correlated	  with	  cell	  counts	  of	  0,	  less	  than	  or	  equal	  to	  1,	  2	  to	  10,	  11	  to	  50,	  and	  greater	  than	  50	  cells	  per	  high-­‐powered	  field,	  respectively	  	  (Table	  2.5).	  Where	  sufficient	  fields	  were	  available	  for	  review	  and	  where	  infiltration	  was	  relatively	  uniform,	  grading	  was	  based	  on	  the	  average	  number	  of	  cells	  per	  high	  powered	  field	  averaged	  over	  5	  such	  fields.	  Areas	  of	  greatest	  cell	  infiltration	  were	  generally	  used	  for	  grading,	  although	  where	  infiltration	  was	  not	  uniform	  a	  combined	  descriptor	  was	  often	  more	  appropriate	  –	  for	  example,	  low	  to	  moderate.	  Furthermore,	  the	  tissue	  location	  and	  distribution	  of	  the	  infiltrating	  cell	  population	  was	  also	  specified	  where	  possible	  –	  for	  example,	  subcapsular	  within	  lymph	  node	  cortex.	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Table 2.5. Examples of grading of severity of cellular infiltration with CD3 labelling of T cells 
Descriptor (cells/HPF) Example images* 
Negative  
(None) 
 
Cerebellum  
 
Rare 
(≤ 1) 
 
Kidney – medulla 
 
Low 
(>1 and ≤ 10) 
 
Urinary bladder – necrosis within tunica 
muscularis of a tachyzoite inoculated 
animal 
  
(*note presence of at least one cell within a 
vessel) 
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Moderate 
(>10 and ≤ 50) 
 
Oesophagus – tunica muscularis in a 
tachyzoite inoculated animal 
 
High 
(>50) 
 
Pancreatic lymph node – cortex 
 
* Non-specific nucleolar staining is present in most sections with this antibody. 
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2.5	  RESULTS	  
2.51	  Animal	  and	  intervention	  details	  
Animal	  grouping	  Tissues	  from	  seven	  animals	  were	  selected	  for	  histochemical	  and	  immunohistochemical	  labelling	  as	  part	  of	  the	  assessment	  of	  host	  cellular	  response	  to	  N.	  caninum	  infection	  –	  three	  animals	  in	  the	  tachyzoite	  inoculated	  group	  and	  two	  animals	  in	  each	  of	  the	  oocyst	  inoculated	  and	  negative	  control	  groups.	  From	  the	  seven	  animals	  selected	  for	  investigation	  of	  host	  cellular	  response	  there	  were	  20	  sections	  (blocks)	  containing	  approximately	  110	  tissue	  specimens.	  The	  tissues	  examined	  for	  each	  of	  the	  animals	  are	  listed	  in	  Table	  2.6.	  	  
Specimen	  collection	  and	  processing	  –	  evaluation	  of	  immunohistochemical	  staining	  Following	  protocol	  optimisation	  in	  S.	  crassicaudata	  cellular	  labelling	  was	  assessed	  as	  effective	  with	  the	  following	  antibodies:	  CD3,	  CD4,	  CD8,	  CD79b,	  PAX-­‐5,	  MAC387,	  IgM	  and	  IgG.	  These	  antibodies	  were	  then	  applied	  to	  some	  or	  all	  of	  the	  20	  sections	  from	  the	  seven	  animals,	  dependent	  on	  the	  quantity	  of	  available	  antibody.	  Inclusive	  of	  the	  original	  H&E	  stained	  and	  the	  toluidine	  blue	  stained	  sections	  there	  were	  over	  150	  sections	  containing	  over	  850	  variously	  labelled	  tissues	  examined.	  A	  summary	  of	  the	  stains	  applied	  to	  each	  of	  the	  sections	  from	  the	  seven	  animals	  is	  provided	  in	  Table	  2.7.	  Results	  of	  labelling	  characteristics	  with	  each	  of	  the	  antibodies	  are	  discussed	  in	  the	  follow	  data	  analysis	  section.	  Cell	  labelling	  was	  assessed	  as	  ineffective	  or	  non-­‐specific	  in	  S.	  crassicaudata	  with	  the	  following	  antibodies:	  CD18	  (CA1.4E9	  and	  ITGB2	  clones),	  CD79a,	  IFN-­‐γ,	  IL-­‐4	  and	  MHCII.	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Table 2.6. Summary of tissues examined by individual tissue block for each animal 
GROUP (dose, route) Animal  Reference  Tissues stained and examinable (letters refer to individual blocks for each case)  
TACHYZOITE INOCULATED 
(105 tachyzoites, i.p.) 
B11 1089/10 (A) Heart, lung, oesophagus; (B) intestine, liver, spleen; (C) stomach, pancreas, pancreatic lymph node, testis, 
prostate, urinary bladder, kidney, adrenal gland, mesentery 
 B21 1440/10 (A) Skeletal muscle, liver, lung, spleen, heart, gall bladder; (B) testis, pancreas, pancreatic lymph node, stomach, 
intestine, liver, kidney, adrenal gland, oesophagus; (C) lymph node, urinary bladder, skeletal muscle, brain, prostate 
 B22 1441/10 (A) Lung, heart, skeletal muscle, liver, oesophagus, spleen; (B) kidney, intestine, pancreas, urinary bladder, prostate, 
testis, stomach 
OOCYST INOCULATED 
(20-40 oocysts, p.o.) 
E1 1151/10 (A) Lung, liver, pancreas and pancreatic lymph node, heart, skeletal muscle; (B) stomach, kidney, heart, 
oesophagus, spleen; (C) brain, testis, intestine, pancreas 
 E2 1152/10 (A) Pancreas, liver, oesophagus, adrenal gland, lung, heart; (B) kidney, skeletal muscle, stomach, duodenum 
(specified where Brunner’s glands present), spleen; (C) brain, intestine, pancreas, pancreatic lymph node, testis 
NEGATIVE CONTROL B14 1150/10 (A) Liver, pancreas, pancreatic lymph node, lung, oesophagus, stomach, thoracic lymph nodule; (B) kidney, heart, 
intestine, spleen; (C) brain, eye, pancreas 
 B24 1443/10 (A) Liver, oesophagus, skeletal muscle, gall bladder, pancreas, spleen, lung, heart; (B) pancreas, duodenum, testis, 
kidney, urinary bladder; (C) eye, brain, skeletal muscle 
 
	   87	  
 
Table 2.7. Summary of histochemical and immunohistochemical labelling for each animal  
GROUP (dose, route) Animal no. Sample no. NC CD3 CD4 CD8 CD79b PAX5 MAC387 IgM IgG T/B 
TACHYZOITE INOCULATED B11 1089/10 A-C* A-C A A A-C A-C A-C A A A-C 
(105 tachyzoites, i.p.) B21 1440/10 A-C B-C B B B-C B-C B-C B B B-C 
 B22 1441/10 A-B A-B B B A-B A-B A-B B B A-B 
OOCYST INOCULATED E1 1151/10 A-C A-C B B A-C A-C A-C B B A-C 
(20-40 oocysts, p.o.) E2 1152/10 A-C A-C - - A-C A-C A-C - - A-C 
NEGATIVE CONTROLS B14 1150/10 A-C A-C A A A-C A-C A-C A A A-C 
(Not inoculated) B24 1443/10 A-C A-C - - A-C A-C - - - A-C 
* Letters refer to individual paraffin blocks; p.o. = per os; i.p. = intraperitoneally; NC = N. caninum; T/B = toluidine blue; ‘-‘ = no sections stained. 
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2.52	  Characterization	  of	  host	  cellular	  response	  Staining	  characteristics	  with	  toluidine	  blue	  and	  each	  of	  the	  antibodies	  found	  to	  show	  successful	  cell	  labelling	  are	  as	  follows.	  	  
Histochemical	  characterisation	  of	  host	  cell	  response	  
Toluidine	  blue	  staining	  of	  mast	  cell	  granules	  Mast	  cells	  typically	  displayed	  strong	  metachromatic	  staining	  of	  cytoplasmic	  granules	  with	  toluidine	  blue.	  Independent	  of	  group,	  mast	  cells	  were	  observed	  as	  rare	  or	  low	  numbers	  of	  cells	  within	  most	  tissues,	  frequently	  within	  connective	  tissue,	  or	  in	  stromal	  tissue	  surrounding	  larger	  vessels	  throughout	  organs.	  In	  comparison,	  parenchymal	  infiltration	  was	  generally	  inconspicuous	  or	  absent.	  
Immunohistochemical	  characterisation	  of	  host	  cell	  response	  
CD3	  labelling	  of	  T	  cells	  An	  appropriate	  distribution	  of	  positively	  labelling	  cells	  in	  lymph	  node	  control	  sections	  was	  observed	  with	  the	  anti-­‐CD3	  antibody	  (Figure	  2.6).	  Labelling	  of	  T	  cells	  was	  strong	  and	  cytoplasmic.	  Non-­‐specific	  staining	  was	  limited	  to	  strong	  nucleolar	  staining	  of	  many	  cells	  –	  especially	  epithelial	  cells	  and	  myocytes	  –	  and	  minor	  cytoplasmic	  staining	  of	  hepatocytes.	  This	  non-­‐specific	  staining	  did	  not	  negatively	  impact	  the	  interpretation	  of	  appropriate	  labelling	  with	  this	  antibody.	  	  
CD79b	  labelling	  of	  B	  cells	  An	  appropriate	  distribution	  of	  positively	  labelling	  cells	  in	  lymph	  node	  control	  sections	  was	  observed	  with	  the	  anti-­‐CD79b	  antibody.	  Labelling	  of	  B	  cells	  and	  plasma	  cells	  was	  strong	  and	  cytoplasmic.	  Non-­‐specific	  background	  staining	  was	  generally	  mild.	  This	  was	  typically	  cytoplasmic	  and	  occurred	  in	  epithelial	  cells,	  most	  notably	  renal	  tubular	  epithelia.	  Multifocally,	  muscle	  also	  showed	  moderate	  to	  marked	  non-­‐specific	  labelling.	  In	  multiple	  tissues	  moderate	  to	  strong,	  non-­‐specific	  labelling	  of	  zoites,	  both	  free	  and	  intracellular,	  was	  observed.	  This	  non-­‐specific	  staining	  did	  not	  negatively	  impact	  the	  interpretation	  of	  appropriate	  labelling	  with	  this	  antibody.	  	  
PAX5	  labelling	  of	  B	  cells	  An	  appropriate	  distribution	  of	  positively	  labelling	  cells	  in	  lymph	  node	  control	  sections	  was	  observed	  with	  the	  anti-­‐PAX5	  antibody.	  Labelling	  with	  the	  anti-­‐PAX5	  antibody	  was	  strong	  and	  nuclear.	  Cellular	  labelling	  duplicated	  the	  results	  observed	  with	  anti-­‐CD79b	  antibody,	  with	  the	  exception	  of	  a	  lack	  of	  plasma	  cell	  labelling.	  Non-­‐specific	  background	  staining	  of	  epithelia	  such	  as	  renal	  tubular	  and	  hepatic	  cells	  was	  negligible	  to	  minor.	  Moderate	  non-­‐specific	  nuclear	  staining	  was	  observed	  in	  muscle	  cells,	  including	  those	  of	  tubular	  organs	  and	  within	  larger	  vessels.	  This	  tendency,	  combined	  with	  the	  nuclear	  nature	  of	  the	  stain	  often	  made	  interpretation	  of	  positive	  labelling	  difficult	  where	  B	  cells	  were	  present	  within	  tissues	  in	  low	  number	  –	  in	  contrast	  to	  labelling	  of	  large	  groups	  of	  cells	  as	  occurred	  in	  lymph	  node	  and	  spleen.	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MAC387	  labelling	  of	  granulocytes	  and	  monocytes/macrophages	  Labelling	  with	  MAC387	  was	  strong	  and	  cytoplasmic.	  Cells	  labelling	  with	  this	  antibody	  included	  large	  round	  mononuclear	  cells	  within	  blood	  vessels	  and	  heart	  chambers	  (monocytes),	  large	  round,	  irregular	  or	  angular	  mononuclear	  cells	  within	  tissues	  (macrophages),	  and	  smaller	  round	  cells	  or	  cell	  fragments	  sometimes	  with	  a	  detectable	  polymorphonuclear	  appearance	  (including	  band	  and	  annular	  forms)	  or	  irregular	  surface	  within	  areas	  of	  necrosis	  (granulocytes,	  predominantly	  neutrophils,	  including	  degenerate	  cells).	  Background	  staining	  was	  generally	  negligible,	  with	  the	  exception	  of	  strong	  cytoplasmic	  staining	  of	  tubular	  epithelial	  cells	  within	  some,	  but	  not	  all,	  tubules	  of	  the	  renal	  cortex.	  This	  antibody	  often	  detected	  monocytes	  within	  vessels	  and	  cells	  showing	  margination	  or	  recent	  extravasation.	  Assessment	  of	  the	  degree	  of	  exudation	  in	  tissues	  generally	  attempted	  to	  exclude	  cells	  within	  vessels.	  This	  was	  not	  always	  possible	  and	  it	  is	  likely	  that	  some	  infiltrates	  assessed	  as	  rare	  may	  have	  included	  intravascular	  cells	  in	  small	  capillaries.	  Initially,	  an	  attempt	  was	  made	  to	  differentiate	  granulocytes	  from	  mononuclear	  cells.	  However,	  the	  increased	  intensity	  of	  cytoplasmic	  staining	  obscuring	  nuclear	  detail,	  and	  variability	  in	  mononuclear	  cell	  size,	  made	  this	  differentiation	  difficult	  in	  many	  tissues.	  
CD4	  labelling	  of	  T	  helper	  cells	  Validation	  of	  labelling	  in	  tissues	  of	  a	  dasyurid	  from	  the	  captive-­‐bred	  colony	  at	  the	  University	  of	  Sydney	  (SN	  12-­‐0608)	  using	  this	  antibody	  at	  a	  dilution	  of	  1:50	  showed	  strong	  cytoplasmic	  staining	  of	  a	  group	  of	  lymphoid	  cells	  in	  gastric	  GALT,	  and	  of	  scattered	  individual	  cells	  in	  BALT	  and	  the	  pulmonary	  interstitium.	  Moderate	  positive	  cytoplasmic	  staining	  was	  seen	  in	  approximately	  20%	  of	  cells	  in	  the	  splenic	  white	  pulp	  and	  stronger	  cytoplasmic	  staining	  of	  scattered	  individual	  cells	  within	  splenic	  red	  pulp.	  Background	  non-­‐specific	  staining	  was	  negligible.	  	  
CD8	  labelling	  of	  cytotoxic	  T	  cells	  Labelling	  of	  rare	  lymphoid	  cells	  with	  this	  antibody	  was	  moderate	  to	  strong,	  patchy	  to	  granular	  and	  cytoplasmic,	  with	  negligible	  background	  non-­‐specific	  staining.	  Also	  apparent	  was	  low	  to	  moderate	  cytoplasmic	  staining	  of	  occasional	  large	  granular	  mononuclear	  cells	  in	  deep	  submucosa	  of	  intestinal	  sections	  –	  consistent	  with	  non-­‐specific	  mast	  cell	  labelling.	  	  
IgG	  labelling	  of	  IgG-­isotype	  plasma	  cells	  Appropriate	  plasma	  cell	  morphology	  such	  as	  a	  small,	  eccentric	  nucleus	  with	  coarsely	  clumped	  chromatin	  and	  moderate	  amount	  of	  cytoplasm,	  was	  required	  for	  assessment	  of	  positive	  labelling	  with	  the	  anti-­‐immunoglobulin	  markers.	  As	  with	  the	  anti-­‐CD8	  antibody	  there	  was	  little	  positive	  labelling	  with	  the	  anti-­‐IgG	  antibody.	  Non-­‐specific	  staining	  of	  large	  mononuclear	  cells	  with	  abundant	  granular	  cytoplasm	  was	  also	  frequently	  observed	  with	  this	  antibody.	  These	  cells,	  confirmed	  as	  mast	  cells	  on	  the	  basis	  of	  metachromatic	  granular	  staining	  with	  toluidine	  blue,	  were	  present	  as	  individual	  cells	  in	  low	  number	  throughout	  lymphoid	  nodules,	  connective	  tissue	  and	  organ	  stroma,	  and	  especially	  in	  the	  deep	  submucosa	  and	  tunica	  muscularis	  in	  the	  gastrointestinal	  tract.	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IgM	  labelling	  of	  IgM-­isotype	  plasma	  cells	  Low	  numbers	  of	  cells	  of	  plasmacytoid	  appearance	  displayed	  strong	  cytoplasmic	  labelling	  with	  this	  antibody	  (Figure	  2.7).	  Mild,	  non-­‐specific	  staining	  of	  gastric	  glandular	  mucosal	  cells	  was	  seen.	  More	  prominent	  was	  marked	  non-­‐specific	  staining	  of	  serum/blood	  in	  many	  tissues,	  serving	  to	  outline	  the	  luminal	  surface	  of	  endothelial	  cells	  and	  highlight	  vasculature	  in	  multiple	  tissues.	  This	  was	  especially	  pronounced	  in	  multiple	  renal	  glomeruli	  where	  it	  was	  variable	  by	  area,	  in	  intestinal	  mucosal	  vasculature,	  and	  in	  liver	  where	  sinusoids	  were	  mildly	  outlined	  and	  portal	  vasculature	  showed	  strong	  staining	  of	  the	  luminal	  surface.	  In	  addition,	  there	  were	  occasional	  portal	  structures	  outlined	  that	  resembled	  bile	  ducts	  rather	  than	  vessels.	  Strong	  generalised	  staining	  of	  areas	  of	  necrosis	  was	  seen.	  Moderate	  surface	  staining	  of	  large	  lymphoid	  cells	  within	  rare	  follicles	  in	  lymphoid	  nodules	  was	  also	  observed	  –	  discussed	  further	  under	  data	  analysis.	  
2.53	  Immunohistochemical	  labelling	  of	  N.	  caninum	  and	  its	  life	  stages	  
Initial	  protocol	  for	  labelling	  N.	  caninum	  and	  the	  bradyzoite-­specific	  TgBAG5	  marker	  The	  initial	  staining	  protocol	  using	  the	  N.	  caninum	  antibody	  showed	  strong	  labelling	  of	  individual	  free	  zoites	  and	  organisms	  within	  cells,	  including	  within	  cysts.	  There	  was	  excellent	  preservation	  of	  zoite	  morphology	  and	  generally	  an	  acceptable	  level	  of	  non-­‐specific	  background	  staining.	  Labelling	  with	  the	  TgBAG5	  marker	  was	  strong	  with	  a	  moderate	  to	  high	  level	  of	  non-­‐specific	  background	  staining.	  	  
Alternative	  protocol	  for	  labelling	  N.	  caninum	  An	  alternative	  protocol	  was	  developed	  with	  the	  intent	  of	  reducing	  the	  degree	  of	  non-­‐specific	  background	  staining,	  while	  maintaining	  a	  level	  of	  organism	  labelling	  sufficient	  for	  visualisation	  of	  low	  numbers	  of	  individual	  zoites.	  Comparison	  of	  tissue	  staining	  with	  the	  two	  protocols	  showed	  substantially	  less	  background	  staining	  with	  the	  alternative	  protocol,	  particularly	  in	  tissues	  such	  as	  kidney	  and	  liver	  where	  moderate	  non-­‐specific	  cytoplasmic	  staining	  was	  apparent	  with	  the	  initial	  protocol.	  There	  was	  also	  less	  background	  staining	  in	  areas	  of	  necrosis.	  Labelling	  of	  organisms	  was	  maintained,	  however	  preservation	  of	  zoite	  morphology	  and	  visualisation	  of	  characteristic	  shape	  was	  less	  than	  that	  observed	  with	  the	  initial	  protocol.	  Conversely,	  the	  initial	  staining	  protocol	  maintained	  stronger	  labelling	  of	  zoites	  and	  better	  visualisation	  of	  zoite	  morphology,	  helping	  with	  detection	  and	  confirmation	  of	  appropriate	  staining	  where	  background	  staining	  was	  not	  significant.	  	  
2.54	  Data	  Analysis	  The	  following	  sections	  show	  the	  results	  of	  examination	  of	  the	  H&E,	  toluidine	  blue	  and	  immunohistochemically	  stained	  slides,	  divided	  on	  the	  basis	  of	  group.	  The	  negative	  control	  group	  provides	  a	  species	  baseline	  for	  host	  cell	  number	  and	  type	  within	  each	  of	  the	  tissues	  examined,	  so	  these	  results	  are	  described	  first.	  Similarities,	  or	  more	  importantly	  differences,	  in	  the	  other	  two	  groups	  are	  then	  highlighted.	  Individual	  gradings	  for	  severity	  of	  N.	  caninum	  infection,	  degree	  of	  tissue	  necrosis,	  and	  intensity	  and	  type	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of	  inflammation	  for	  each	  tissue	  from	  the	  three	  tachyzoite	  inoculated	  animals,	  and	  for	  comparison	  an	  animal	  each	  from	  the	  oocyst	  inoculated	  and	  negative	  control	  groups,	  are	  provided	  in	  Table	  2.8.	  
Lymphoid	  tissues	  Secondary	  lymphoid	  tissue	  of	  various	  types	  was	  included	  in	  sections	  for	  each	  of	  the	  animals	  examined.	  Across	  all	  groups	  this	  included	  BALT	  in	  lungs,	  MALT	  in	  stomach	  and	  intestines	  (GALT),	  spleen,	  and	  lymph	  nodes	  or	  nodules	  within	  fatty	  connective	  tissue	  adjacent	  multiple	  major	  organs.	  This	  last	  group	  included	  lymphoid	  aggregations	  adjacent	  lungs,	  pancreas	  and	  kidney.	  Often,	  these	  foci	  consisted	  only	  of	  dense	  aggregations	  of	  medium	  to	  large	  lymphoid	  cells,	  with	  occasional	  suggestion	  of	  follicular	  arrangement.	  In	  some	  instances	  such	  as	  some	  peripancreatic	  nodules,	  the	  nodules	  rested	  immediately	  adjacent	  the	  capsule	  of	  the	  adjacent	  organ.	  In	  most	  cases	  however	  these	  nodules	  were	  within	  fatty	  mesentery,	  omentum	  or	  mediastinal	  tissue	  and	  occasionally	  extended	  into	  that	  tissue.	  Their	  location	  equated	  to	  that	  of	  lymph	  nodes	  in	  domestic	  species,	  and	  while	  sections	  did	  not	  always	  include	  features	  such	  as	  clear	  corticomedullary	  differentiation,	  follicular	  arrangement,	  and	  a	  capsule	  with	  subcapsular	  sinuses,	  these	  were	  subsequently	  referred	  to	  as	  lymph	  nodes.	  They	  were	  named	  according	  to	  the	  adjacent	  organ	  where	  this	  was	  apparent	  from	  the	  section.	  	  
Grading	  for	  severity	  of	  N.	  caninum	  infection	  
Negative	  control	  group	  The	  control	  group	  was	  not	  exposed	  to	  N.	  caninum	  in	  either	  tachyzoite	  or	  oocyst	  form.	  
Oocyst	  inoculated	  group	  Free	  zoites	  and	  intracellular	  organisms	  were	  not	  detectable	  in	  any	  tissue	  from	  the	  oocyst	  inoculated	  animals	  using	  the	  alternative	  staining	  protocol.	  H&E	  stained	  sections	  of	  spleen	  from	  one	  of	  these	  animals	  (E1)	  showed	  rare	  individual	  cells	  with	  abundant	  clear	  to	  pale	  cytoplasm	  containing	  multiple,	  faintly	  staining	  eosinophilic	  bodies	  or	  granules,	  and	  a	  central	  or	  peripheral	  nucleus	  (Figure	  2.8).	  Staining	  with	  the	  initial	  anti-­‐N.	  caninum	  protocol	  showed	  strong	  labelling	  of	  these	  small,	  round	  cytoplasmic	  bodies.	  No	  such	  labelling	  was	  apparent	  with	  the	  alternative	  N.	  caninum	  staining	  protocol.	  Cells	  of	  similar	  appearance	  were	  scattered	  throughout	  the	  pericardial	  adipose	  tissue	  in	  the	  same	  animal	  and	  in	  the	  pancreatic	  interstitium	  of	  a	  negative	  control	  animal,	  prompting	  further	  chemical	  staining.	  Toluidine	  blue	  and	  PAS	  stains	  suggested	  these	  cells	  were	  mast	  cells	  on	  the	  basis	  of	  strong	  metachromatic	  staining	  of	  coarse	  cytoplasmic	  granules,	  and	  consequently	  that	  staining	  with	  the	  original	  staining	  protocol	  was	  non-­‐specific.	  Cytoplasmic	  granules	  were	  large	  and	  filled	  the	  cytoplasm.	  Subsequently,	  non-­‐specific	  staining	  of	  mast	  cells	  with	  multiple	  antibodies	  was	  identified	  as	  an	  obstacle	  to	  successful	  detection	  of	  low-­‐levels	  of	  positively	  staining	  cells,	  discussed	  further	  under	  individual	  antibodies.	  Staining	  with	  the	  alternative	  N.	  caninum	  protocol	  did	  outline	  scattered	  small	  individual	  structures	  within	  the	  pulmonary	  interstitium	  of	  the	  same	  animal,	  and	  although	  size	  was	  comparable	  to	  tachyzoites	  overall	  morphology	  was	  not.	  Combined	  with	  lack	  of	  associated	  pathology	  this	  was	  assessed	  as	  non-­‐specific	  staining.	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Original	  staining	  for	  N.	  caninum	  in	  the	  cerebellum	  of	  the	  other	  oocyst	  infected	  animal	  (E2)	  showed	  a	  moderate	  degree	  of	  non-­‐specific	  background	  staining	  and	  a	  low-­‐level	  focal	  aggregation	  of	  cells	  showing	  strong	  granular	  cytoplasmic	  staining	  within	  the	  molecular	  layer	  approaching	  the	  apex	  of	  one	  fold.	  No	  such	  staining	  was	  apparent	  in	  sections	  using	  the	  alternative	  N.	  caninum	  staining	  protocol.	  	  
Tachyzoite	  inoculated	  group	  In	  the	  tachyzoite	  inoculated	  group	  review	  of	  the	  sections	  showed	  infection	  of	  varying	  intensity	  in	  the	  majority	  of	  organs,	  including	  heart,	  lung,	  oesophagus,	  liver,	  gall	  bladder,	  spleen,	  pancreas,	  kidney,	  stomach,	  intestine,	  adrenal	  gland,	  urinary	  bladder,	  prostate,	  lymph	  node,	  and	  skeletal	  muscle.	  This	  infection	  was	  associated	  with	  a	  varying	  degree	  of	  inflammation	  (Refer	  to	  Table	  2.8).	  Frequently,	  there	  was	  little	  inflammation	  in	  infected	  tissues	  containing	  a	  significant	  number	  of	  intracellular	  organisms.	  The	  degree	  of	  inflammation	  was	  more	  positively	  correlated	  with	  the	  degree	  of	  tissue	  necrosis	  rather	  than	  the	  number	  of	  organisms	  present.	  	  Organisms	  displayed	  a	  tropism	  for	  muscle	  cells	  –	  striated,	  smooth	  and	  cardiac.	  Marked	  infection	  of	  the	  detrusor	  muscle	  in	  all	  three	  tachyzoite	  inoculated	  animals	  were	  typical	  of	  this	  group.	  Large	  numbers	  of	  intracellular	  zoites	  were	  seen	  in	  detrusor	  myosites,	  and	  in	  an	  absence	  of	  necrosis	  there	  was	  little	  inflammation	  in	  two	  of	  the	  three	  animals	  (Figure	  2.9).	  Marked	  necrosis	  in	  the	  third	  animal	  was	  associated	  with	  a	  marked	  inflammatory	  response.	  Additional	  muscle	  tropism	  was	  shown	  in	  heart	  by	  moderate	  infection	  in	  all	  three	  animals	  with	  an	  associated	  mild	  to	  moderate	  degree	  of	  necrosis	  and	  mild	  inflammation	  (Figure	  2.10)	  Moderate	  skeletal	  muscle	  infection	  in	  both	  animals	  with	  tissue	  examinable	  was	  associated	  with	  moderate	  to	  marked	  necrosis	  and	  moderate	  to	  marked	  inflammation.	  In	  the	  gastrointestinal	  muscular	  tunics	  there	  was	  mild	  or	  moderate	  infection	  of	  stomach	  in	  all	  three	  animals	  and	  mild	  intestinal	  infection	  in	  two	  animals,	  contributing	  to	  only	  rare	  focal	  necrosis	  and	  generally	  little	  inflammatory	  response.	  By	  comparison,	  there	  was	  a	  single	  animal	  showing	  marked	  mucosal	  and	  submucosal	  necrosis	  with	  an	  associated	  marked	  inflammatory	  infiltrate.	  Resembling	  changes	  in	  the	  gastrointestinal	  muscular	  tunic	  were	  moderate	  infection	  of	  gall	  bladder	  smooth	  muscle	  in	  the	  single	  specimen	  examinable,	  mild	  to	  moderate	  infection	  of	  prostatic	  smooth	  muscle	  in	  two	  animals,	  and	  mild	  infection	  of	  oesophageal	  smooth	  muscle	  two	  animals	  –	  all	  generally	  contributing	  to	  little	  necrosis	  and	  little	  subsequent	  inflammation.	  	  	  There	  was	  greater	  variability	  in	  the	  infection	  of	  parenchymal	  organs,	  and	  the	  associated	  necrosis	  and	  inflammation.	  The	  severity	  of	  infection	  in	  pancreas	  and	  lung	  was	  moderate	  or	  marked	  in	  all	  three	  animals;	  in	  liver	  and	  spleen	  was	  mild	  or	  moderate	  in	  all	  three	  animals;	  in	  adrenal	  gland	  was	  mild	  to	  moderate	  in	  both	  specimens	  examinable;	  and	  in	  kidney	  was	  mild	  in	  two	  animals.	  Associated	  inflammation	  and	  necrosis	  in	  these	  organs	  is	  discussed	  in	  more	  detail	  below.	  	  In	  the	  three	  animals	  included	  in	  this	  group	  N.	  caninum	  was	  not	  detected	  in	  testis,	  brain	  or	  eye	  –	  although	  only	  single	  specimens	  were	  examinable	  for	  the	  latter	  two	  tissues.	  Small	  aggregations	  of	  organisms	  and	  free	  zoites	  were	  however	  observed	  in	  the	  cerebellum	  of	  another	  tachyzoite	  inoculated	  animal	  not	  included	  this	  group	  of	  three.	  That	  infection	  was	  not	  associated	  with	  a	  host	  inflammatory	  response.	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Labelling	  of	  organisms	  in	  the	  tachyzoite	  inoculated	  group	  with	  the	  alternative	  N.	  caninum	  protocol	  paralleled	  findings	  with	  the	  initial	  protocol.	  Some	  additional	  benefit	  was	  gained	  with	  detection	  of	  individual	  organisms	  in	  areas	  of	  necrosis	  and	  within	  cells	  with	  the	  alternative	  protocol,	  where	  these	  areas	  showed	  a	  greater	  amount	  of	  non-­‐specific	  staining	  with	  the	  initial	  protocol.	  Marked	  numbers	  of	  free	  zoites	  were	  seen	  in	  areas	  of	  tissue	  necrosis.	  Small	  and	  large	  intracellular	  aggregates	  of	  zoites	  within	  cellular	  cytoplasm	  were	  often	  observed	  in	  areas	  with	  minimal	  inflammation.	  The	  latter	  was	  especially	  pronounced	  in	  myocytes	  of	  the	  urinary	  bladder	  and	  gastrointestinal	  tract.	  Specifically	  within	  the	  gastrointestinal	  tract	  intracellular	  parasites	  were	  present	  in	  all	  layers	  of	  muscle,	  but	  were	  most	  prominent	  in	  the	  outer	  longitudinal	  layer.	  Intracellular	  organisms	  were	  also	  seen	  in	  the	  mucosa	  to	  a	  lesser	  degree	  –	  scattered	  aggregates	  within	  parietal	  and	  chief	  cells	  of	  the	  gastric	  mucosa,	  and	  individual	  free	  zoites	  within	  intestinal	  lamina	  propria	  and	  occasional	  glandular	  epithelial	  cells.	  Infection	  of	  intestinal	  mucosal	  surface	  epithelium	  was	  a	  rarity	  –	  a	  single	  incidence	  was	  observed	  across	  all	  samples	  in	  this	  group.	  	  	  Less	  non-­‐specific	  cellular	  staining	  with	  the	  alternative	  protocol	  allowed	  improved	  visualisation	  of	  renal	  cell	  infections.	  Rare	  zoite	  aggregations	  were	  detected	  within	  the	  renal	  tubular	  epithelial	  cells	  in	  two	  of	  the	  three	  animals.	  Furthermore,	  numbers	  of	  individual	  zoites	  were	  marked	  in	  the	  adipose	  tissue	  of	  the	  renal	  pelvis	  with	  a	  mild	  associated	  lymphocytic	  infiltrate.	  Occasional	  organisms	  were	  also	  present	  within	  the	  perirenal	  adipose	  tissue.	  	  Extensive	  pancreatic	  necrosis	  was	  associated	  with	  marked	  numbers	  of	  free	  zoites	  and	  large	  intracytoplasmic	  aggregates	  within	  nearby	  pancreatic	  acinar	  cells;	  zoites	  were	  detected	  within	  only	  three	  islet	  cells	  in	  a	  single	  focus	  in	  one	  animal.	  Low	  numbers	  of	  organism	  were	  present	  in	  pancreatic	  lymph	  node;	  two	  intracytoplasmic	  aggregates	  were	  detected	  in	  large	  mononuclear	  cells	  –	  presumed	  macrophages.	  Where	  organisms	  were	  present	  in	  other	  lymph	  nodes,	  nodes	  appeared	  normal	  with	  an	  absence	  of	  obvious	  follicular	  structures	  to	  suggest	  hyperplasia	  or	  gross	  lymphadenomegally.	  However,	  frequent	  mitoses	  of	  lymphoid	  cells	  were	  apparent	  in	  these	  nodes.	  Scattered	  mitoses	  were	  a	  frequent	  observation	  in	  infected	  tissue	  generally.	  
Grading	  for	  degree	  of	  tissue	  necrosis	  
Control	  and	  oocyst	  inoculated	  groups	  In	  the	  control	  and	  the	  oocyst	  inoculated	  groups	  no	  tissue	  necrosis	  was	  detected.	  	  
Tachyzoite	  inoculated	  group	  In	  the	  tachyzoite	  inoculated	  group	  the	  presence	  or	  absence	  of	  substantial	  tissue	  necrosis	  separated	  infected	  tissues	  into	  two	  subgroups.	  There	  was	  some	  variability	  between	  individual	  animals	  with	  regard	  to	  the	  tissues	  displaying	  this	  necrosis.	  However,	  those	  tissues	  displaying	  considerable	  necrosis	  included	  pancreas	  (marked	  in	  two	  of	  three	  animals,	  and	  mild	  in	  the	  third),	  liver	  (moderate	  to	  marked	  in	  two	  of	  the	  three	  animals),	  myocardium	  (at	  least	  mild	  in	  all	  three	  animals)	  and	  skeletal	  muscle	  (moderate	  to	  marked	  in	  both	  animals	  where	  this	  tissue	  was	  examinable).	  Marked	  necrosis	  of	  detrusor	  muscle	  was	  present	  in	  a	  single	  animal.	  Furthermore	  moderate	  necrosis	  was	  detected	  in	  adrenal	  gland	  and	  individual	  animals	  showed	  necrosis	  of	  the	  stomach	  (mild,	  tunica	  muscularis)	  or	  intestine	  (moderate,	  mucosa/submucosa).	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When	  present,	  necrosis	  was	  frequently	  accompanied	  by	  a	  greater	  degree	  of	  inflammation	  compared	  with	  non-­‐necrotic	  and	  infected	  tissue	  samples.	  Inflammation	  was	  strongly	  neutrophilic,	  often	  including	  degenerate	  inflammatory	  cells.	  Free	  tachyzoites	  were	  commonplace	  in	  foci	  of	  necrosis	  and	  inflammation,	  typified	  by	  changes	  observed	  in	  the	  pancreas	  of	  the	  all	  three	  animals	  in	  the	  tachyzoite	  inoculated	  group	  (Figures	  2.11,	  2.12).	  	  The	  other	  subgroup	  consisted	  of	  those	  tissues	  showing	  mild	  to	  marked	  intracellular	  proliferation	  of	  zoites	  or	  cyst	  formation,	  in	  which	  necrosis	  and	  associated	  inflammation	  was	  not	  a	  feature.	  Necrosis	  was	  not	  a	  feature	  in	  lung,	  oesophagus,	  spleen,	  kidney,	  gastrointestinal	  tract	  (noting	  the	  exceptions	  described	  above),	  testes,	  prostate,	  gall	  bladder,	  lymph	  nodes,	  eye	  or	  brain.	  Only	  single	  specimens	  of	  the	  last	  two	  tissues	  were	  examinable.	  
Grading	  for	  intensity	  of	  inflammation	  
Control	  and	  oocyst	  inoculated	  groups	  In	  the	  control	  and	  oocyst	  inoculated	  groups	  no	  substantial	  foci	  of	  inflammation	  were	  detected.	  	  Features	  noted	  in	  individual	  animals	  from	  the	  oocyst	  inoculated	  group	  compared	  with	  control	  group	  tissues,	  and	  which	  were	  presumed	  unrelated	  to	  the	  inoculation	  included:	  mild	  centrilobular	  hepatocellular	  vacuolar	  change,	  a	  small	  focus	  of	  extramedullary	  haematopoiesis	  (EMH)	  within	  the	  pericardial	  adipose	  tissue,	  and	  a	  mildly	  increased	  prominence	  of	  pulmonary	  lymphoid	  tissue	  (BALT)	  and	  of	  peripancreatic	  lymphoid	  tissue.	  In	  Chapter	  One,	  similar	  observations	  are	  made	  in	  multiple	  specimens	  prospectively	  collected	  from	  the	  captive-­‐bred	  dasyurid	  colony	  at	  the	  University	  of	  Sydney.	  
Tachyzoite	  inoculated	  group	  In	  the	  tachyzoite	  inoculated	  group	  repeatable	  pathology	  across	  animals	  included	  the	  following:	  mild	  or	  less	  frequently	  marked,	  random,	  multifocal	  to	  coalescing,	  hepatocellular	  necrosis	  with	  mild	  to	  less	  frequently	  marked,	  neutrophilic	  or	  lymphocytic	  hepatitis	  with	  fewer	  macrophages;	  extensive,	  moderate	  to	  severe,	  suppurative,	  interstitial	  pneumonia	  with	  moderately	  increased	  alveolar	  macrophage	  number,	  type	  II	  pneumocyte	  hyperplasia,	  and	  peripheral	  alveolar	  emphysema	  and	  oedema;	  and,	  mild	  to	  moderate,	  multifocal,	  myocardial	  necrosis	  and	  mild,	  suppurative	  or	  non-­‐suppurative	  myocarditis	  with	  minor,	  multifocal,	  haemorrhage.	  Also	  observed	  were:	  marked,	  multifocal	  to	  coalescing,	  pancreatic	  necrosis	  and	  mild	  to	  less	  frequently	  marked,	  suppurative	  pancreatitis	  with	  fewer	  macrophages	  and	  lymphocytes;	  and	  mild,	  neutrophilic	  or	  lymphocytic	  myositis	  of	  striated	  (skeletal	  muscle,	  diaphragm,	  larynx)	  or	  smooth	  (bladder,	  gastrointestinal)	  muscle.	  
Grading	  the	  degree	  of	  infiltration	  by	  cell	  type	  –	  assessment	  of	  nature	  of	  the	  infiltrate	  
Toluidine	  blue	  labelling	  of	  mast	  cells	  
Negative	  control	  group	  In	  the	  negative	  control	  group	  rare	  mast	  cells	  were	  detected	  in	  nearly	  every	  organ,	  including:	  gastrointestinal	  mucosa,	  submucosa	  and	  tunica	  muscularis;	  interlobular	  connective	  tissue	  of	  the	  pancreas;	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oesophageal	  tunica	  muscularis;	  within	  connective	  tissue	  surrounding	  large	  vessels	  and	  airways	  within	  the	  lungs;	  within	  renal	  pelvis	  and	  perirenal	  adipose	  tissue;	  in	  the	  choroid	  plexus	  within	  brain;	  and	  scattered	  throughout	  skeletal	  muscle.	  Regularly	  spaced	  individual	  mast	  cells	  at	  the	  junction	  of	  submucosa	  and	  tunica	  muscularis	  was	  a	  repeatable	  feature	  of	  the	  gastrointestinal	  tract.	  In	  spleen,	  rare	  large	  round	  cells	  with	  small	  central	  nuclei	  showing	  metachromatic	  staining	  of	  abundant	  coarse	  cytoplasmic	  granules	  consistent	  with	  mast	  cells	  were	  scattered	  throughout	  red	  pulp.	  Cell	  and	  granule	  size	  was	  larger	  than	  mast	  cells	  within	  other	  tissues.	  Rare	  cells	  were	  frequently	  observed	  scattered	  throughout	  lymph	  nodes.	  A	  single	  exception	  was	  the	  presence	  of	  a	  high	  number	  of	  cells	  throughout	  a	  single	  pancreatic	  lymph	  node	  (animal	  B14).	  The	  morphology	  of	  these	  cells	  resembled	  those	  within	  the	  spleen	  rather	  than	  stromal	  cells	  within	  other	  organs,	  and	  was	  therefore	  considered	  to	  be	  part	  of	  an	  EMH	  process	  within	  the	  lymph	  node.	  	  
Oocyst	  inoculated	  group	  In	  the	  oocyst	  inoculated	  group	  mast	  cells	  were	  present	  in	  similar	  locations	  and	  in	  similar	  quantity	  to	  the	  negative	  control	  animals.	  The	  exception	  was	  detection	  of	  a	  low	  to	  moderate	  number	  of	  mast	  cells	  in	  the	  oesophageal	  mucosa	  of	  one	  animal	  (animal	  E1).	  	  
Tachyzoite	  inoculated	  group	  Similarly,	  the	  quantity	  and	  location	  of	  mast	  cells	  in	  tissues	  from	  tachyzoite	  inoculated	  group	  resembled	  that	  in	  the	  negative	  control	  group.	  A	  notable	  exception	  was	  the	  rarity	  of	  mast	  cells	  observed	  in	  spleens	  from	  these	  animals	  (a	  single	  cell	  across	  all	  three	  animals).	  Cells	  were	  not	  detectable	  in	  areas	  of	  tissue	  necrosis.	  There	  was	  no	  substantial	  increase	  in	  cell	  number	  within	  areas	  of	  inflammation.	  
Immunohistochemical	  labelling	  of	  inflammatory	  cell	  populations	  
CD3	  labelling	  of	  T	  cells	  
Negative	  control	  group	  Specimens	  from	  negative	  control	  animals	  showed	  labelling	  of	  high	  numbers	  of	  cells	  within	  lymph	  nodes	  such	  as	  pancreatic	  and	  thoracic	  nodes	  –	  dense	  medullary	  cords	  approaching	  100%	  of	  cells	  and	  high	  numbers	  of	  paracortical	  cells	  with	  exception	  of	  follicular	  structures.	  Small	  lymphoid	  nodules	  showed	  labelling	  of	  moderate	  to	  high	  numbers	  of	  scattered	  individual	  cells	  (10-­‐30%	  of	  cells).	  High	  numbers	  of	  individual	  positively	  staining	  cells	  were	  present	  in	  the	  superficial	  and	  mid	  lamina	  propria	  of	  intestinal	  mucosa,	  and	  gastric	  MALT	  showed	  labelling	  of	  50-­‐70%	  of	  aggregated	  cells.	  High	  numbers	  of	  positively	  staining	  cells	  were	  seen	  in	  spleen	  as	  dense	  aggregations	  within	  the	  marginal	  zone	  of	  white	  pulp,	  with	  low	  to	  moderate	  numbers	  of	  scattered	  individual	  positively	  staining	  cells	  throughout	  the	  remainder	  of	  the	  tissue	  (red	  pulp).	  Individual	  cell	  labelling	  was	  also	  detected	  in	  lung	  in	  a	  medium	  to	  high	  number	  of	  interstitial	  cells,	  urinary	  bladder	  in	  a	  low	  to	  medium	  number	  of	  individual	  cells	  in	  mucosal	  lamina	  propria,	  oesophagus	  in	  a	  low	  number	  in	  mucosal	  lamina	  propria,	  liver	  in	  rare	  sinusoidal	  cells,	  and	  pancreas	  in	  a	  low	  number	  of	  stromal	  and	  interlobular	  cells	  in	  one	  animal.	  No	  positively	  staining	  cells	  were	  observed	  in	  the	  heart	  or	  brain.	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Oocyst	  inoculated	  group	  In	  the	  oocyst	  inoculated	  animals	  a	  similar	  pattern	  of	  labelling	  was	  observed	  to	  that	  described	  in	  the	  negative	  control	  animals.	  	  
Tachyzoite	  inoculated	  group	  Likewise,	  a	  similar	  degree	  of	  infiltration	  by	  positively	  staining	  cells	  was	  noted	  in	  many	  equivalent	  locations	  in	  non-­‐inflamed	  tissues	  from	  the	  three	  tachyzoite	  inoculated	  animals.	  Differences	  were	  apparent	  in	  areas	  of	  inflammation	  and	  necrosis.	  Lung	  interstitium	  showed	  moderate	  diffuse	  individual	  cell	  infiltration,	  multifocally	  becoming	  high	  in	  areas	  of	  increased	  cellularity	  –	  although	  moderate	  to	  high	  numbers	  of	  cells	  were	  also	  described	  in	  animals	  from	  the	  other	  two	  groups.	  An	  estimated	  50%	  of	  the	  cells	  within	  BALT	  showed	  positive	  labelling.	  Infiltration	  of	  heart	  was	  generally	  rare	  or	  low,	  multifocally	  becoming	  moderate	  in	  areas	  of	  necrosis	  associated	  with	  increased	  cellularity.	  Moderate	  infiltration	  was	  also	  observed	  in	  the	  pericardial	  adipose	  tissue.	  Spleen	  maintained	  the	  prominent	  marginal	  staining	  of	  white	  pulp.	  Remaining	  spleen	  (red	  pulp)	  contained	  a	  moderate	  to	  high	  degree	  of	  cellular	  labelling,	  present	  as	  individual	  cells	  and	  small	  cell	  clusters.	  The	  degree	  of	  positively	  staining	  cells	  in	  the	  gastrointestinal	  mucosa	  was	  similar	  to	  that	  observed	  in	  the	  negative	  control	  animals.	  In	  addition,	  low	  to	  medium	  levels	  of	  infiltration	  of	  positively	  staining	  cells	  was	  present	  in	  the	  tunica	  muscularis,	  which	  was	  a	  not	  a	  feature	  of	  the	  negative	  control	  animals.	  Low-­‐level	  infiltration	  was	  also	  observed	  in	  the	  tunica	  muscularis	  of	  the	  urinary	  bladder.	  In	  the	  liver,	  moderate	  to	  occasionally	  high	  numbers	  of	  positively	  staining	  cells	  were	  seen	  in	  sinusoids	  and	  as	  random,	  small,	  denser	  aggregates	  corresponding	  with	  areas	  of	  necrosis	  (sometimes	  associated	  with	  portal	  triads).	  In	  pancreas,	  infiltration	  was	  variable	  by	  area,	  with	  moderate	  levels	  observed	  in	  or	  adjacent	  to	  lobules	  containing	  areas	  of	  necrosis,	  compared	  with	  rare	  cells	  in	  the	  negative	  control	  animal.	  Elsewhere,	  the	  level	  of	  staining	  was	  generally	  rare	  or	  low.	  Pancreatic	  lymph	  nodes	  showed	  high	  levels	  of	  labelling,	  estimated	  as	  50-­‐70%	  of	  cells.	  Oesophageal	  mucosa	  contained	  a	  moderate	  diffuse	  infiltrate	  of	  positively	  labelling	  cells;	  kidney	  parenchyma	  contained	  rare	  T	  cells	  with	  increased	  numbers	  in	  the	  pelvic	  or	  perirenal	  adipose	  tissue;	  and	  rare	  positively	  staining	  cells	  were	  observed	  in	  meninges,	  multifocally	  becoming	  low	  in	  number.	  
CD79b	  labelling	  of	  B	  cells	  
Negative	  control	  group	  In	  the	  negative	  control	  tissues	  labelling	  within	  lymph	  nodules	  was	  high,	  generally	  30-­‐50%	  of	  cells,	  including	  follicular	  structures	  where	  present,	  as	  well	  as	  subcapsular	  cells.	  Staining	  was	  more	  diffuse	  where	  follicles	  were	  not	  evident	  (10-­‐40%	  of	  cells).	  Staining	  was	  high	  in	  spleen:	  multifocal,	  inclusive	  of	  follicular	  aggregates	  in	  white	  pulp	  and	  surrounding	  lymphoid-­‐dense	  zones,	  with	  moderate	  diffuse	  staining	  within	  the	  red	  pulp.	  Additional	  individual	  cell	  labelling	  was	  seen	  in	  liver	  (rare	  sinusoidal	  cells),	  intestinal	  mucosa	  (rare	  to	  multifocally	  low,	  often	  plasmacytoid)	  and	  lung	  (rare	  interstitial	  cells).	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Oocyst	  inoculated	  group	  Similar	  observations	  were	  made	  in	  tissues	  from	  oocyst	  inoculated	  animals.	  In	  addition,	  included	  pulmonary	  BALT	  (50-­‐70%	  of	  cells)	  and	  intestinal	  MALT	  (50%	  of	  cells)	  showed	  high	  level	  labelling.	  Moderate	  levels	  of	  labelling	  were	  observed	  in	  gastric	  lamina	  propria	  with	  high	  levels	  of	  labelling	  in	  an	  included	  focus	  of	  gastric	  MALT	  (50%	  of	  cells,	  superficial	  half	  of	  the	  nodule).	  Staining	  was	  not	  observed	  in	  heart,	  excepting	  moderate	  staining	  of	  a	  focal	  area	  of	  epicardial	  EMH,	  or	  in	  pancreas.	  
Tachyzoite	  inoculated	  group	  In	  specimens	  from	  the	  tachyzoite	  inoculated	  animals	  labelling	  resembled	  that	  in	  the	  other	  two	  groups.	  Rare	  pulmonary	  interstitial	  cells	  showed	  positive	  staining,	  with	  high	  levels	  of	  staining	  seen	  in	  included	  BALT	  (50%	  of	  cells).	  In	  spleen	  similar	  labelling	  was	  observed	  to	  that	  seen	  in	  equivalent	  specimens	  from	  negative	  control	  animals.	  Intestinal	  mucosa	  showed	  rare	  positively	  staining	  cells	  within	  the	  lamina	  propria,	  becoming	  moderate	  in	  MALT	  –	  low	  numbers	  of	  cells	  also	  stained	  in	  a	  mesenteric	  adhesion.	  Positively	  staining	  cells	  were	  present	  in	  greater	  number	  in	  duodenum,	  where	  low	  to	  moderate	  staining	  was	  seen	  in	  the	  superficial	  and	  mid	  lamina	  propria	  (often	  plasmacytoid	  cells).	  Where	  gastric	  MALT	  was	  included,	  a	  high	  level	  of	  cell	  staining	  was	  seen	  (90%	  of	  cells	  with	  a	  follicular	  arrangement).	  Liver	  showed	  rare	  staining	  of	  sinusoidal	  or	  portal	  infiltrating	  cells.	  Staining	  in	  pancreas	  was	  minor	  –	  rare	  cells	  only	  being	  observed	  in	  some	  non-­‐necrotic	  areas.	  Pancreatic	  lymph	  node	  showed	  high	  levels	  of	  staining	  of	  follicular	  structures	  (50%	  of	  cells).	  There	  was	  little	  apparent	  specific	  labelling	  of	  cells	  in	  the	  bladder	  tunica	  muscularis	  –	  limited	  to	  plasma	  cells	  in	  the	  areas	  with	  high	  zoite	  infiltration.	  Rare	  labelling	  was	  observed	  in	  pulmonary	  interstitial	  cells.	  
PAX5	  labelling	  of	  B	  cells	  
All	  groups	  Cellular	  labelling	  duplicated	  the	  results	  described	  with	  the	  anti-­‐CD79b	  antibody,	  with	  the	  exception	  of	  a	  lack	  of	  plasma	  cell	  staining.	  	  
MAC387	  labelling	  of	  granulocytes	  and	  monocytes/macrophages	  
Negative	  control	  group	  In	  the	  negative	  control	  animals	  the	  thoracic	  lymph	  node	  showed	  labelling	  of	  moderate	  to	  high	  numbers	  of	  scattered	  individual	  round,	  angular	  or	  stellate	  cells	  with	  fine	  cytoplasmic	  projections	  –	  consistent	  with	  macrophages	  and	  representing	  1-­‐5%	  of	  the	  cell	  population.	  Staining	  of	  similar	  cells	  in	  pancreatic	  node	  was	  also	  high.	  In	  lung,	  labelling	  of	  round	  interstitial	  cells	  was	  generally	  moderate.	  In	  liver,	  low	  numbers	  of	  round	  or	  angular	  sinusoidal	  cells	  showed	  positive	  staining	  and	  were	  presumed	  Kupffer	  cells.	  A	  low	  to	  medium	  number	  of	  positively	  staining	  cells	  were	  present	  in	  spleen,	  with	  increased	  density	  in	  perivenular	  locations.	  In	  the	  remaining	  tissues	  cell	  labelling	  was	  rare	  –	  stomach	  (within	  stroma	  of	  glandular	  mucosa;	  MALT	  was	  negative),	  kidney	  (interstitial),	  urinary	  bladder	  (mucosal),	  and	  oesophagus	  (mucosa);	  or	  negative	  (excepting	  likely	  intravascular	  labelling)	  –	  intestine,	  heart,	  brain,	  skeletal	  muscle,	  and	  pancreas.	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Oocyst	  inoculated	  group	  Tissues	  from	  oocyst	  inoculated	  animals	  showed	  a	  similar	  labelling	  pattern.	  For	  instance,	  there	  was	  positive	  staining	  of	  a	  moderate	  number	  of	  pulmonary	  interstitial	  cells	  (generally	  large	  round	  cells	  as	  well	  as	  smaller	  irregularly-­‐shaped	  cells)	  and	  an	  absence	  of	  labelling	  within	  BALT.	  Rare	  elongate	  cells	  in	  the	  myocardium	  stained	  positively	  (possibly	  reflecting	  intravascular	  cells).	  Furthermore,	  moderate	  numbers	  of	  large	  round	  cells	  stained	  within	  chamber	  blood,	  as	  did	  a	  high	  numbers	  of	  cells	  in	  a	  small	  focus	  of	  EMH	  in	  pericardial	  adipose	  tissue	  (80%	  of	  cells	  stained).	  Staining	  within	  brain,	  liver,	  stomach,	  intestine	  and	  kidney,	  including	  rare	  cells	  in	  perirenal	  adipose	  tissue,	  resembled	  that	  observed	  in	  the	  negative	  control	  tissue	  equivalents.	  	  
Tachyzoite	  inoculated	  group	  Labelling	  was	  variable	  in	  tissues	  from	  the	  tachyzoite	  inoculated	  animals,	  but	  generally	  greater	  in	  the	  areas	  of	  tissue	  necrosis.	  Positive	  labelling	  of	  pulmonary	  interstitial	  cells	  was	  moderate	  to	  high,	  including	  a	  mixture	  of	  large	  round	  and	  smaller	  irregular	  cells	  (resembling	  labelling	  in	  the	  oocyst	  inoculated	  tissue).	  A	  rare	  to	  low	  quantity	  of	  individual	  cell	  staining	  was	  observed	  in	  myocardium,	  multifocally	  becoming	  moderate	  in	  areas	  with	  an	  inflammatory	  infiltrate.	  Staining	  in	  spleen	  varied	  by	  animal,	  from	  low-­‐to-­‐moderate	  through	  to	  high	  with	  a	  greater	  density	  beneath	  the	  capsule.	  Positively	  staining	  cells	  were	  generally	  rare	  to	  low	  within	  gastric	  mucosa,	  but	  multifocally	  low	  to	  moderate	  staining	  density	  was	  observed	  within	  the	  tunica	  muscularis	  in	  association	  with	  intracellular	  zoites.	  Similarly,	  positively	  staining	  cells	  were	  generally	  rare	  within	  intestinal	  mucosa	  and	  not	  apparent	  in	  the	  tunica	  muscularis.	  However	  in	  multiple	  specimens	  moderate	  multifocal	  infiltration	  of	  the	  mucosa	  was	  observed	  sometimes	  associated	  with	  mucosal	  necrosis	  and	  presence	  of	  surface	  exudation	  with	  a	  high	  density	  of	  positively	  staining	  cells	  and	  debris.	  Focally,	  moderate	  staining	  density	  in	  the	  deep	  lamina	  propria	  was	  associated	  with	  moderate	  to	  high	  infiltration	  of	  the	  adjacent	  submucosa	  and	  moderate	  infiltration	  of	  the	  tunica	  muscularis	  by	  positively	  staining	  cells.	  Moderate	  to	  high	  levels	  of	  positively	  staining	  cells	  were	  also	  present	  in	  the	  adjacent	  fatty	  mesentery.	  A	  moderate	  focal	  infiltration	  of	  positive	  cells	  was	  seen	  in	  an	  area	  of	  adrenal	  gland	  necrosis.	  Within	  the	  multifocal	  to	  extensive	  areas	  of	  pancreatic	  necrosis	  high	  levels	  of	  infiltration	  by	  positively	  staining	  cells	  was	  detected,	  including	  a	  high	  proportion	  of	  small	  irregular	  cells	  or	  cell	  fragments	  (likely	  neutrophils)	  and	  fewer	  large	  round	  cells	  (likely	  macrophages).	  Staining	  throughout	  the	  remainder	  of	  the	  pancreas	  of	  normal	  appearance	  was	  rare	  to	  low.	  Infiltration	  of	  adjacent	  pancreatic	  lymph	  node	  was	  low	  to	  moderate,	  and	  especially	  prominent	  in	  the	  subcapsular	  sinus.	  Positive	  staining	  in	  other	  lymph	  nodes	  varied	  from	  low	  numbers	  of	  scattered	  cells	  in	  cortical	  areas,	  to	  high	  numbers	  of	  individual	  large	  round	  cells	  throughout	  the	  gland	  (estimated	  5%	  of	  cells).	  Rare	  MAC387	  positive	  cells	  were	  seen	  within	  the	  renal	  interstitium,	  similar	  to	  that	  seen	  in	  the	  other	  two	  groups	  and	  consistent	  with	  the	  lack	  of	  substantial	  inflammation	  observed	  in	  the	  kidney.	  A	  moderate	  focal	  parenchymal	  infiltrate	  was	  present	  beneath	  the	  pelvic	  epithelium	  and	  dense	  multifocal	  aggregations	  of	  large	  round	  cells	  in	  the	  pelvic	  fatty	  connective	  tissue.	  Rare	  scattered	  elongate	  cells	  were	  also	  noted	  within	  the	  neuropil	  of	  one	  brain	  section.	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CD4	  labelling	  of	  T	  helper	  cells	  
Negative	  control	  and	  oocyst	  inoculated	  groups	  Similar	  observations	  were	  made	  in	  tissues	  from	  the	  negative	  control	  and	  oocyst	  inoculated	  animals.	  Rare	  positively	  staining	  lymphoid	  cells	  were	  detected	  in	  liver	  sinusoids,	  pancreatic	  stroma,	  and	  gastric	  mucosal	  lamina	  propria.	  Low	  numbers	  of	  cells	  were	  also	  seen	  in	  the	  peripancreatic	  adipose	  tissue.	  Large	  numbers	  of	  individual	  and	  small	  clusters	  of	  positively	  staining	  cells	  were	  observed	  in	  lymph	  nodes,	  including	  the	  following	  estimates:	  two	  abdominal	  nodules	  with	  10%	  of	  cells	  labelling	  in	  a	  central	  band	  as	  well	  as	  approximately	  30%	  of	  cells	  in	  a	  paracortical	  focus;	  two	  peripancreatic	  and	  perirenal	  nodes	  with	  10%	  and	  50%	  of	  lymphoid	  cells	  labelling;	  and	  a	  thoracic	  lymph	  node	  showing	  30%	  of	  lymphoid	  cells	  labelling.	  Tissues	  from	  the	  oocyst	  infected	  animal	  showed	  rare	  positively	  staining	  cells	  in	  the	  gastric	  mucosal	  lamina	  propria	  and	  submucosa,	  and	  in	  the	  renal	  interstitium,	  within	  the	  epithelium	  of	  the	  renal	  papilla	  and	  the	  adipose	  tissue	  of	  the	  renal	  pelvis	  (a	  low	  number	  of	  cells	  were	  present	  here).	  
Tachyzoite	  inoculated	  group	  Within	  the	  tachyzoite	  infected	  group	  moderate	  to	  high	  numbers	  of	  lymphoid	  cells	  showed	  positive	  staining	  within	  pancreatic	  (estimated	  at	  70%)	  and	  renal	  (estimated	  10%	  of	  cells)	  lymph	  nodes	  -­‐	  generally	  within	  the	  cortex.	  Rare	  individual	  cells	  within	  pancreatic	  interlobular	  septa	  and	  interstitium	  were	  positively	  labelled.	  Increased	  numbers	  (still	  low)	  were	  seen	  in	  areas	  with	  a	  lymphocytic	  infiltrate,	  with	  no	  apparent	  increase	  in	  cell	  density	  within	  or	  surrounding	  areas	  of	  necrosis.	  Moderate	  numbers	  of	  cells	  stained	  within	  gastric	  and	  duodenal	  GALT	  (estimated	  40%	  of	  such	  cells);	  outside	  these	  aggregates	  positively	  staining	  cells	  within	  mucosal	  lamina	  propria,	  submucosa	  and	  tunica	  muscularis	  were	  rare	  or	  low	  in	  number	  and	  exocytosis	  of	  such	  cells	  was	  not	  detected.	  Rare	  cells	  were	  detected	  in	  the	  attached	  fatty	  mesentery.	  Rare	  scattered	  individual	  cells	  were	  detected	  in	  testes	  (stroma),	  kidney	  (cortical	  interstitium,	  perirenal	  and	  pelvic	  adipose	  tissue,	  and	  epithelium	  of	  the	  renal	  papilla)	  and	  liver	  (within	  capsule	  and	  interlobular	  septa	  only).	  In	  the	  heart,	  rare	  scattered	  positively	  staining	  cells	  were	  detected	  in	  myocardium	  showing	  infiltration,	  with	  no	  apparent	  increase	  in	  areas	  of	  necrosis.	  Low	  numbers	  were	  also	  observed	  in	  the	  pericardial	  adipose	  tissue	  and	  within	  blood	  in	  the	  chambers	  of	  the	  heart,	  while	  rare	  cells	  were	  present	  within	  the	  endocardium.	  Rare	  positively	  staining	  cells	  were	  present	  within	  the	  pulmonary	  interstitium,	  with	  no	  apparent	  increase	  in	  more	  inflamed	  areas	  of	  lung.	  
CD8	  labelling	  of	  cytotoxic	  T	  cells	  
Negative	  control	  group	  In	  general,	  there	  was	  very	  little	  cellular	  labelling	  with	  this	  antibody.	  The	  exception	  was	  the	  pancreatic	  lymph	  node	  from	  one	  negative	  control	  animal,	  in	  which	  moderate	  numbers	  of	  cells	  within	  the	  medulla	  showed	  strong	  positive	  staining.	  Approximately	  20%	  of	  cells	  in	  this	  area	  stained	  positively,	  representing	  approximately	  5%	  of	  the	  entire	  nodule.	  Rare	  individual	  medullary	  cells	  also	  showed	  moderate	  staining	  in	  a	  second	  pancreatic	  lymph	  node.	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Oocyst	  inoculated	  group	  All	  tissues	  from	  the	  oocyst	  inoculated	  animal	  (kidney,	  stomach,	  intestine,	  and	  spleen)	  were	  assessed	  as	  negative	  with	  anti-­‐CD8	  antibody.	  Rare	  cells	  within	  splenic	  red	  pulp	  showed	  faint	  cytoplasmic	  staining	  (1-­‐2	  cells	  across	  the	  entire	  cross	  section	  of	  spleen),	  although	  intensity	  was	  less	  than	  observed	  in	  the	  negative	  control	  animal	  and	  this	  was	  dismissed	  as	  not	  significant.	  
Tachyzoite	  inoculated	  group	  Similar	  labelling	  results	  were	  observed	  in	  the	  tachyzoite	  infected	  tissue	  specimens	  as	  described	  in	  the	  oocyst	  inoculated	  animals.	  Strong	  cytoplasmic	  lymphoid	  labelling	  was	  not	  detectable	  in	  heart,	  lung,	  pancreas,	  intestine,	  stomach,	  or	  lymph	  node.	  Faint	  cytoplasmic	  staining	  of	  rare	  cells	  within	  a	  pancreatic	  lymph	  nodule	  and	  adjacent	  adipose	  tissue	  was	  seen	  but	  dismissed	  as	  inconclusive.	  
IgG	  labelling	  of	  IgG-­isotype	  plasma	  cells	  
Negative	  control	  group	  In	  tissues	  from	  the	  negative	  control	  animals	  moderate	  to	  strong	  cytoplasmic	  staining	  was	  observed	  in	  rare	  cells	  of	  plasmacytoid	  appearance	  beneath	  the	  capsule	  or	  in	  the	  medulla	  of	  the	  pancreatic	  and	  thoracic	  lymph	  nodes.	  Rare	  positively	  staining	  cells	  were	  also	  apparent	  in	  BALT.	  Mild	  non-­‐specific	  cytoplasmic	  staining	  was	  observed	  in	  pancreatic	  acinar	  cells	  and	  intestinal	  epithelial	  cells.	  	  
Oocyst	  inoculated	  group	  Convincing	  labelling	  of	  cells	  with	  a	  plasmacytoid	  appearance	  was	  difficult	  to	  detect	  in	  tissues	  from	  the	  oocyst	  inoculated	  animal.	  Rare	  positively	  staining	  cells	  in	  spleen	  were	  scattered	  within	  blood	  in	  large	  vessels	  and	  within	  red	  pulp,	  and	  were	  assessed	  as	  plasma	  cells	  rather	  than	  mast	  cells	  on	  the	  basis	  of	  morphology	  and	  comparison	  with	  the	  toluidine	  stained	  section.	  Non-­‐specific	  staining	  of	  renal	  tubular	  epithelium	  was	  mild	  and	  multifocal,	  rather	  than	  generalised.	  	  
Tachyzoite	  inoculated	  group	  In	  the	  tachyzoite	  inoculated	  animals	  convincing	  positive	  labelling	  was	  similarly	  rare.	  Labelling	  was	  observed	  in	  rare	  cells	  in	  mesentery	  attached	  to	  intestine	  and	  in	  a	  low	  number	  of	  cells	  beneath	  the	  renal	  papilla.	  Positively	  labelling	  cells	  with	  appropriate	  morphology	  were	  evident	  as	  small	  number	  in	  the	  perirenal	  lymph	  node	  with	  rare	  cells	  in	  adjacent	  fatty	  mesentery.	  Rare	  cells	  were	  detected	  in	  the	  intestinal	  mucosal	  lamina	  propria.	  There	  was	  mild	  to	  moderate	  non-­‐specific	  edge	  staining	  in	  these	  specimens,	  and	  mild	  non-­‐specific	  staining	  of	  cardiac	  myocytes.	  Also	  seen	  was	  moderate	  to	  strong	  staining	  of	  approximately	  50-­‐70%	  of	  intracellular	  zoites	  in	  multiple	  organs	  (pancreas,	  stomach)	  and	  of	  free	  zoites	  in	  areas	  of	  necrosis	  in	  multiple	  tissues	  (especially	  pancreas)	  –	  this	  was	  assumed	  to	  be	  non-­‐specific	  staining.	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IgM	  labelling	  of	  IgM-­isotype	  plasma	  cells	  
Negative	  control	  group	  In	  the	  negative	  control	  group	  pancreatic	  lymph	  node	  showed	  moderate	  surface	  staining	  of	  two	  follicular	  arrangements	  of	  large	  lymphoid	  cells.	  Furthermore,	  strong	  cytoplasmic	  staining	  of	  individual	  medullary	  plasmacytoid	  cells	  was	  seen	  in	  low	  number.	  Within	  BALT	  similar	  staining	  was	  observed	  in	  a	  moderate	  number	  of	  follicular	  cells,	  with	  stronger	  staining	  of	  another	  population	  of	  plasmacytoid	  cells	  in	  low	  numbers.	  Rare	  pulmonary	  interstitial	  cells	  also	  stained	  well.	  Rare	  to	  low	  numbers	  of	  round	  cells	  in	  gastric	  mucosa	  showed	  strong	  cytoplasmic	  staining.	  
Oocyst	  inoculated	  group	  In	  the	  oocyst	  inoculated	  group	  spleen	  showed	  moderate	  staining	  of	  lymphoid	  cells	  with	  a	  follicular	  arrangement,	  and	  strong	  cytoplasmic	  staining	  of	  individual	  large	  plasmacytoid	  cells	  present	  in	  low	  number	  throughout	  the	  red	  pulp.	  
Tachyzoite	  inoculated	  group	  In	  the	  tachyzoite	  inoculated	  animals	  larger	  numbers	  of	  positively	  labelling	  cells	  were	  observed.	  Staining	  in	  pancreatic	  lymph	  nodes	  of	  individual	  scattered	  plasmacytoid	  cells	  occurred	  in	  moderate	  to	  high	  number	  –	  cells	  were	  present	  in	  the	  cortex	  of	  one	  node	  and	  within	  the	  cortex	  and	  medulla	  of	  another.	  Numbers	  of	  similar	  staining	  cells	  in	  the	  renal	  lymph	  node	  were	  moderate,	  and	  were	  especially	  prominent	  in	  the	  cortical	  and	  subcapsular	  locations.	  Rare	  positively	  labelling	  cells	  were	  detected	  in	  the	  intestinal	  lamina	  propria,	  gastric	  MALT,	  bladder	  mucosa,	  adrenal	  medulla,	  renal	  parenchyma,	  and	  pancreatic	  stroma.	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Figure 2.6. Host immune cell labelling in lymph node from negative control animal B14.  
(a) Strong cytoplasmic labelling of B cells within cortical follicles, ant-CD79b 1:100; (b) Moderate to strong nuclear labelling of the same 
population of B cells, ant-PAX5, 1:2,000; (c) Strong cytoplasmic labelling of T cells in a dense band of cells not labelled with the B cell 
labels, anti-CD3, 1:400; (d) Strong cytoplasmic labelling of rounds (presumed macrophages) present as scattered individual cells or small 
aggregates within the subcapsular sinus (!) or in adjacent adipose tissue, ant-MAC387, 1:200; (e) Strong cytoplasmic labelling of high 
numbers of T helper cells that appear to be a subset of those labelling with the CD3 marker, anti-CD4, 1:50 (f) Labelling with the anti-CD8 
marker was weak to moderate and only occurred in a small number of lymph nodes in this animal (a different lymph node is shown 
compared with images a-e). Weak to moderate cytoplasmic labelling of cytotoxic T cells (*), ant-CD8, 1:10. All sections counterstained with 
Whitlock’s haematoxylin. Images a-e x200; image f x400. 
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Figure 2.7. Plasma cell labelling with the IgG and IgM markers across multiple animals.  
Labelling with the anti-immunoglobulin markers in BALT from the negative control animal B14. (a) a low number of scattered individual cells 
(!) labelling with anti-IgG, 1:50; (b) Labelling of a small aggregate of cells of plasmacytoid appearance (!) with anti-IgM. Note the weak 
staining of an adjacent lymphoid aggregate. Low numbers of scattered cells also labelled strongly with this marker in the intestinal lamina 
propria, seen in the same animal in (d). Anti-IgM, 1:10; (c) No apparent labelling of plasma cells was observed in or around foci of necrosis 
in tachyzoite inoculated animals with the IgG marker, 1:50. Note the non-specific staining of zoites in pancreatic acinar cells (!). In 
contrast, high numbers of cells showed strong labelling with the IgM marker in the pancreatic lymph node of this same animal. Use of this 
marker was associated with mild to moderate non-specific background staining, becoming strong in areas of necrosis (not shown). Anti-
IgM, 1:10. (e) Low numbers of plasmacytoid cells showing moderate cytoplasmic labelling with the anti-IgG marker (!) were detected in 
another tachyzoite inoculated animal (B22). Anti-IgG, 1:50. All sections counterstained with Whitlock’s haematoxylin, x400. 
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Figure 2.8. Outcomes of the alternative N. caninum labelling protocol in oocyst inoculated animals.  
(a) Splenic sections from an oocyst inoculated animal (E1) showing multiple large round cells (!) with small central or marginal nuclei 
containing numerous large pale eosinophilic cytoplasmic granules or bodies. H&E; (b) Labelling of the cytoplasmic content with the original 
N. caninum staining protocol. Polyclonal goat anti-N. caninum primary antibody (210-70-NC, VMRD, Pullman, WA, USA), 1:6,000, 
counterstained with Whitlock’s haematoxylin; (c) Lack of labelling using the alternative N. caninum staining protocol (1:20,000); (d) Strong 
metachromatic staining of the cytoplasmic granules suggestive of mast cells. Toluidine blue; (e) The original staining protocol also labelled 
structures in the cerebellum of the other oocyst infected animal (E2); (f) Similar labelling was not observed with the alternative protocol. All 
sections x400. Refer to Table 2.4 for additional proprietary antibody details for this and the following figures.
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Figure 2.9. Parasite and host cell labelling in detrusor muscle of multiple tachyzoite inoculated animals.  
Examples of the variability in the degree of inflammatory response observed in urinary bladder detrusor muscle between two tachyzoite 
inoculated animals. (a) Animal B11 contained contained multifocal necrosis and a moderate to marked inflammatory cell infiltrate. Large 
numbers of free zoites (!) label with the anti-N. caninum antibody in the necrotic focus as well as within adjacent myosites. Alternative 
staining protocol, 1:20,000. (c) Moderate numbers of T cells label with the anti-CD3 marker at the perimeter of the necrotic foci and within 
adjacent muscle (!), 1:400; (e) Large numbers of neutrophils and fewer macrophages label with the anti-MAC387 marker in the necrotic 
focus, 1:200; (b) Contrasting with this is animal B21 showing large numbers of intracellular parasites (!) associated with little cell 
degeneration and comparatively minor inflammation; (d) A mild to moderate number of infiltrating T cells labelling with CD3 are present 
with area (!); (f) A similar low number of predominantly round cells (macrophages and intravascular monocytes) are labelling with the 
MAC387 marker, including on the serosal surface (!). All sections counterstained with Whitlock’s haematoxylin, x400. 
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Figure 2.10. Cardiac infection and host cell response in a tachyzoite inoculated animal.  
Parasitic infection of cardiac muscle was common in tachyzoite inoculated animals, although inflammation was absent of minor in the non-
necrotic areas. Specimens from animal B22. (a) Foci of granular basophilic staining (!) in infected muscle was interpreted as 
mineralisation resulting from cell degeneration, although cell infiltration is mild. H&E x400; (b) Labelling of low numbers of parasites in this 
area with the anti-N. caninum marker (!; shown at higher magnification in the inset). Original protocol, 1:6,000, x400; (c) Low numbers of 
infiltrating T cells label with the anti-CD3 marker (!). There is prominent non-specific nucleolar staining of cardiac myosites with this 
marker. CD3, 1:400, x400. (d) Low numbers of round cells consistent with macrophages (!) label with the anti-MAC387 antibody. 1:200, 
x400; (e) Confirmation of foci of mineralisation (!) using a Von Kossa stain (VK). X200; (f) Similar multifocal mineralisation (!) was 
observed in skeletal muscle of the same animal. Von Kossa stain, x200. All immunohistochemical sections counterstained with Whitlock’s 
haematoxylin. 
 
	   107	  
	  
	  
Figure 2.11. Immunohistochemical labelling of pancreatic lymph node of a tachyzoite inoculated animal.  
Immunohistochemical labelling of pancreatic lymph node from a tachyzoite inoculated animal (B21). Pancreas is included in the lower right 
corner of each image. (a) Strong cytoplasmic labelling of T cells in the paracortical zone of the cortex with no staining in an included 
follicular structure (^). CD3, 1:400; (b) Low numbers of round cells, presumed macrophages, are labelled on the surface or immediately 
beneath it with MAC387 (!). 1:200; (c) There is selective labelling of large numbers of CD4 positive cells within the cortex, which appear 
to be a subset of the CD3 labelling cells. 1:50; (d) No staining is apparent with the CD8 marker. 1:10; (e) Moderate to strong cytoplasmic 
labelling of B cells is apparent in the follicle and as a thin subcapsular band (!). Note the moderate non-specific staining of pancreatic 
acinar cells in the lower right of the image; (f) The PAX5 antibody successfully labels the same cohort of B cells (!). Staining is moderate 
and nuclear. 1:2,000. All sections counterstained with Whitlock’s haematoxylin, x400. 	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Figure 2.12. Immunohistochemical labelling of necrotic pancreas in a tachyzoite inoculated animal.  
Immunohistochemical labelling of pancreatic necrosis in a tachyzoite inoculated animal (B21). Areas of necrosis (*) show a loss of acinar 
structures with varying degrees of cell degeneration in the surrounding tissue. (a) Necrosis is seen as scattered nuclear debris within an 
eosinophilic background. Inflammatory cells are either degenerate or poorly visible due to the additional cell debris. H&E. (b) The N. 
caninum antibody labels free tachyzoites (^) within areas of necrosis and aggregates of organisms within degenerating cells (!). The 
lower inset shows a higher magnification of these intracellular aggregates. (For comparison the upper right inset shows the more intense 
zoite staining and greater preservation of morphology but increased background staining, typical of the original staining protocol.) 
Alternative protocol, 1:20,000; (c) Few T cells are present within areas of necrosis although a moderate number of cells are present in the 
surrounding interstitium. CD3, 1:400. (d) Low numbers of interstitial cells show labelling with the CD4 antibody consistent with T helper 
cells (no staining was observed with the CD8 antibody – image not shown). 1:50; High numbers of cells or cell fragment show strong 
labelling with the MAC387 antibody. The majority of these have an irregular shape (presumed neutrophils) while a smaller number of more 
rounded cells (presumed macrophages) also label. MAC387, 1:200. (e) No B cell labelling is detected with the PAX5 antibody (nor with 
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CD79b antibody – image not shown). PAX5, 1:2,000. All immunohistochemical sections counterstained with Whitlock’s haematoxylin; 
images x400.  
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Table 2.8. Severity of infection, necrosis and inflammation, and infiltrating cell type across tissues 
GROUP: TACHYZOITE INOCULATED (ANIMAL ID: B11; BLOCK ID: 1089/10) 
Tissue Location Inflammation Necrosis NC CD3+ CD4+ CD8+ CD79b+ PAX5+ MAC387+b IgM+ IgG+ T/B+c 
  Neg (-), mild (+), moderate (++), marked 
(+++) 
Neg (-), rare (+), low (++), moderate (+++), high (++++) 
Heart Myocardium 
Epicardium 
+(N>L) 
++(L>Mac) 
+ 
- 
++ 
- 
+++ + 
- 
- 
- 
- 
- 
- 
- 
+ 
+ 
- 
- 
- 
- 
- 
++ 
Lung Parenchyma 
Mediastinum 
+++(N/Mac>L) 
++(L/Mac) 
- ++ +++a 
 
+ - +a +a ++++(N/Mac) - - + 
Oesophagus Submucosa +(L>N) - - ++-+++ - - - - + (N) + -  
Liver Parenchyma +(L>>N) - + +++   + - ++-+++   - 
Spleen White pulp  
Red pulp 
- 
- 
- 
- 
 
+ 
 
++++ 
  ++++  
 
++++   
++++(Mac) 
  - 
- 
Pancreas Exocrine ++(N>L) +++ +++ ++-+++   - - ++++(N>>Mac)   ++ 
Kidney Parenchyma - - - +   - - +   +d 
Stomach Mucosa 
Submucosa 
Muscle 
- 
- 
+(N/L) 
- 
- 
+ 
+ 
- 
++ 
+++e 
- 
+++ 
  ++e 
+(PC) 
- 
+e 
- 
++ 
   - 
+ 
+ 
Intestine Mucosa/Submucosa 
Muscle 
Serosal adhesion 
+(PC>N) 
-(rare L only) 
++(PC/L/N/Mac) 
- 
- 
- 
- 
+ 
- 
++++e 
++ 
++++ 
  +(PC) 
- 
++(PC) 
- 
- 
- 
- 
+(Mac) 
+(Mac blood) 
  - 
+ 
- 
Mesenteries Connective tissue ++-+++ - + +++-++++   ++(PC/L) + ++-+++   + (+++ incl. 
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(Mac/N/L/PC) (Mac>>N) LN) 
Urinary 
bladder 
Mucosa 
Muscle 
Serosa 
+++(N>L) 
+++(N>L) 
+++ 
- 
+++ 
- 
++ 
+++ 
- 
++ 
++ 
++ 
  + 
+ 
+ 
+ 
+ 
+ 
++++(N/Mac) 
++++(N/Mac) 
++++(N/Mac) 
  - 
+ 
- 
Testis Parenchyma - - - +(dermis)   - - -   - 
Adrenal gland Cortex 
Medulla 
+ 
- 
++ 
- 
++ 
++ 
+++ 
- 
  - 
- 
 ++-+++(N)   +(pericapsule) 
- 
Prostate Parenchyma -(rare L) - +(muscle) +++(focal)   + + ++   + 
NC = positive staining of zoites or cysts of N. caninum; T/B=toluidine blue; N=neutrophil; L=lymphocyte; Mac=macrophage; PC=plasma cell; NE = not examined (usually not included in section). 
a BALT = ++++ with approx. 50:50 T and B lymphocytes 
b positively staining cells were assessed as likely neutrophils or monocytes/macrophages based on morphology 
c generally observed in connective tissue/stroma of organs unless specified otherwise 
d perirenal 
e MALT = ++++ .  
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GROUP: TACHYZOITE INOCULATED (ANIMAL ID: B21; BLOCK ID: 1440/10) 
Tissue Location Inflammation Necrosis NC CD3+ CD4+ CD8+h CD79b+ PAX5+ MAC387+b IgM+ IgG+ T/B+c 
  Neg (-), mild (+), moderate (++), marked (+++) Neg (-), rare (+), low (++), moderate (+++), high (++++) 
Heart Myocardium +(N>L) + ++         - 
Lung Parenchyma ++++(N>Mac>L) - ++         ++f 
Oesophagus 
 
Mucosa 
Muscle  
- 
++(L) 
- 
- 
- 
+ 
+++ 
+ 
- 
- 
 ++-+++ 
- 
+ 
- 
+ 
+ 
- 
- 
- 
- 
+ 
+ 
Liver Parenchyma +++(N>>L) ++ +         - 
Spleen Parenchyma - - ++         + 
Pancreas Exocrine ++-+++(N>>L) +++ +++i ++-+++g + - - - ++++(N>Mac) - - - 
Kidney Parenchyma 
Perirenal/pelvic fat 
- 
- 
- 
- 
+ 
- 
+ 
+++ 
- 
++ 
- 
- 
- 
- 
- 
- 
+-++ 
- 
+ 
- 
- 
- 
- 
++ 
Stomach Mucosa/submucosa 
Muscle 
- 
- 
- 
- 
+ 
++ 
++-+++e 
++ 
+e 
- 
- 
- 
++ 
- 
+ 
- 
+ 
+ 
+l 
- 
- 
- 
+ 
+-++ 
Intestinej Mucosa/submucosa 
Muscle 
Serosal thickening 
++++(PC/L/N) 
+ 
+ 
++ 
- 
- 
- 
++k 
- 
++-+++ 
+ 
+++ 
+ 
- 
++ 
- 
- 
- 
+++(PC>L) 
- 
+++ 
+ 
- 
+ 
+ 
+ 
+++ 
++ 
- 
- 
- 
- 
- 
+ 
+ 
- 
Mesenteries Connective tissue             
Urinary bladder 
 
Mucosa 
Muscle 
- 
+(N) 
- 
- 
+ 
+++ 
++ 
++ 
  - 
+(PC) 
- 
- 
++ 
+++ 
  ++ 
++ 
	   113	  
Skeletal muscle Myocytes  +++(N>L>PC/Mac) ++-+++ ++         + 
Testis Parenchyma - - - + + - + + + - - + 
Brain Neuropil - - - -   - - -   - 
Adrenal gland Cortex 
Medulla 
N/E 
 
N/E 
 
- 
+ 
- 
++ 
- 
- 
- 
- 
- 
- 
- 
- 
- 
+++ 
- 
+ 
- 
- 
- 
- 
Prostate Parenchyma 
Muscle 
- 
- 
- 
- 
+ 
++ 
++ 
+++ 
  - 
+ 
 + 
+ 
  + 
+ 
LN – renal Cortex 
Medulla 
- - - ++++ +++ - ++++ ++-+++ ++++ +++ - + 
LN – pancreatic Cortex 
Medulla 
- 
- 
- 
- 
- 
++ 
++++ 
++++ 
++++ - 
- 
++++ ++++ ++-+++ 
(subcapsular 
sinus) 
+++-
++++ 
- 
- 
- 
+ 
Eye All - - - -   - - -   - 
Gall bladder Mucosa 
Muscle 
+++ 
- 
- 
- 
+ 
++ 
   - - -   - 
+ 
N/E = not examinable (tissue absent in section). 
f within connective tissue surrounding major vessels and airways 
g only + in necrotic foci 
h no convincing staining of any tissue with CD8. Faint staining of a single cluster of cells in the pancreatic lymph node was insufficient for assessment of positive staining 
i single focus of three islet cells with intracellular parasites 
j inflammation and necrosis confined to a few small foci with remainder of mucosa normal 
k not associated with inflammation 
l MALT = ++. 
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GROUP: TACHYZOITE INOCULATED (ANIMAL ID: B22; BLOCK ID: 1441/10) 
Tissue Location Inflammation Necrosis NC CD3+ CD4+ CD8+h CD79b+ PAX5+ MAC387+b IgM+ IgG+ T/B+c 
  Neg (-), mild (+), moderate (++), marked 
(+++) 
Neg (-), rare (+), low (++), moderate (+++), high (++++) 
Heart Myocardium +(N/L) +-++ ++ +   - - ++   - 
Lung Parenchyma +++(N/L/Mac) - +++ +++a   + + +++   + 
Oesophagus Mucosa 
Muscle 
+(L) 
- 
- 
- 
- 
+ 
N/E   N/E N/E N/E   N/E 
Liver Parenchyma ++(N>L) ++-+++ ++ +++   + + +++   - 
Spleen White pulp 
Red pulp 
- 
- 
- 
- 
- 
++ 
++++ 
+++ 
  ++++ 
++++ 
++++ 
+ 
+-++   - 
- 
Pancreas Exocrine ++(N/L) + ++ ++-+++ + - ++(L>PC) - + + +-++ + 
Kidney Parenchyma 
Perirenal adipose 
- 
- 
- 
- 
+ 
+++ 
+ 
++-+++ 
- 
+ 
- 
- 
+ 
+ 
+ 
+ 
+ 
++ 
+ 
+ 
- 
- 
+ 
++ 
Stomach Mucosa/submucosa 
Muscle 
- 
- 
- 
- 
+ 
+ 
++ 
+ 
- 
- 
- 
- 
+ 
- 
- 
- 
+ 
- 
- 
- 
- 
- 
- 
+ 
Intestine Mucosa/submucosa 
Muscle 
Serosal surface 
- 
- 
- 
- 
- 
- 
- 
+ 
- 
+++ 
- 
++ 
++ 
- 
- 
- 
- 
- 
++(PC/L) 
- 
- 
+ 
- 
- 
+ 
- 
- 
++ 
- 
- 
- 
- 
- 
- 
- 
- 
Mesenteries Connective tissue             
Urinary bladder Mucosa - - + ++ N/E N/E -  - + N/E + 
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 Muscle - - +++ + - + - ++ 
Skeletal muscle Myocytes ++(L>N/Mac) ++ ++ ++   - - +   + 
Testis Parenchyma - - - - - - - - - - - - 
Prostate Parenchyma - - - + - - - - - - - ++ 
LN – perirenal Not defined - - - ++++ ++ - ++++ +++ ++ +++ - + 
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GROUP: OOCYST INOCULATED (ANIMAL ID: E1; BLOCK ID: 1151/10) 
Tissue Location Inflammation Necrosis NC CD3+ CD4+ CD8+h CD79b+ PAX5+ MAC387+b IgM+ IgG+ T/B+c 
  Neg (-), mild (+), moderate (++), marked 
(+++) 
Neg (-), rare (+), low (++), moderate (+++), high (++++) 
Heart Myocardium - - - - - - - - - - - +m 
Lung Parenchyma - - - ++-+++a   ++a ++ +++   + 
Oesophagus 
 
Mucosa 
Muscle 
- 
- 
- 
- 
- 
- 
++ 
- 
- 
- 
- 
- 
++ 
- 
++ 
- 
-n 
- 
  ++-+++ 
++ 
Liver Parenchyma - -o - +   + + ++   + 
Spleen White pulp 
Red pulp 
- 
- 
- 
- 
- 
- 
++++ 
++ 
+++ 
++ 
- 
- 
++++ 
++++ 
++++ 
+++ 
+ 
++-++ 
- 
++-+++ 
- 
+ 
- 
++p 
Pancreas Exocrine - - - +   - - +   + 
Kidney Parenchyma 
Perirenal/pelvic fat 
- 
- 
- 
- 
- 
- 
- 
++ 
- 
+ 
- 
- 
- 
++ 
- 
- 
+ 
+ 
- 
- 
- 
- 
- 
++ 
Stomach Mucosa/submucosa 
Muscle 
- 
- 
- 
- 
- 
- 
++ 
+ 
+ 
- 
- 
- 
- 
- 
- 
- 
+ 
- 
+ 
- 
- 
- 
+ 
++ 
Intestine Mucosa/submucosa 
Muscle 
Serosa 
- 
- 
- 
- 
- 
- 
- 
- 
- 
++-+++ 
- 
+ 
  +++(PC) 
- 
- 
+ 
- 
- 
+ 
- 
- 
  - 
- 
- 
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Skeletal muscle Myocytes - - - -   - - +   + 
Testis Parenchyma - - - -   - - -   + 
Brain N/E - - - -   - - -   - 
Prostate Parenchyma             
LN – pancreatic Cortex 
Medulla 
-q 
- 
- 
- 
- 
- 
++++ 
+ 
  ++++ 
+ 
++++ 
+ 
++++q    
LN – abdominal              
m epicardial 
n single small focus suggestive of EMH 
o single small subcapsular focus unrelated to inflammation 
p large round mononuclear cells with large cytoplasmic metachromatic granules 
q moderate cortical neutrophilic content, with band and ring forms especially prominent – assessed as likely EMH rather than inflammation. 
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GROUP: NEGATIVE CONTROL (ANIMAL ID: B14; BLOCK ID: 1150/10) 
Tissue Location Inflammation Necrosis NC CD3+ CD4+ CD8+h CD79b+ PAX5+ MAC387+b IgM+ IgG+ T/B+c 
  Neg (-), mild (+), moderate (++), marked 
(+++) 
Neg (-), rare (+), low (++), moderate (+++), high (++++) 
Heart Myocardium - - - +m   - - -   +m 
Lung Parenchyma 
BALT 
- - - ++-+++ -  + ++ +++ + 
+++ 
- 
+ 
+ 
Oesophagus 
 
Mucosa 
Muscle 
- 
- 
- 
- 
- 
- 
++ 
- 
- 
- 
- 
- 
+ 
- 
+ 
- 
+ 
- 
+ 
- 
- 
- 
+ 
+ 
Liver Parenchyma - - - + + - + - ++ - - - 
Spleen White pulp 
Red pulp 
- 
- 
- 
- 
- 
- 
++++ 
+++ 
  ++++ 
+++ 
++++ 
+++ 
- 
++-+++s 
  +r 
Pancreas Exocrine - - - - - - - - - - - ++ 
Kidney Parenchyma 
Perirenal/pelvic fat 
- 
- 
- 
- 
- 
- 
- 
+ 
  - 
+ 
- 
- 
+ 
+ 
  - 
+ 
Stomach Mucosa/submucosa 
Muscle 
- 
- 
- 
- 
- 
- 
++-+++e 
- 
+ 
- 
- 
- 
+e 
- 
-e 
- 
+ 
- 
+-++ 
- 
- 
- 
+ 
+ 
Intestine Mucosa/submucosa 
Muscle 
- 
- 
- 
- 
- 
- 
++++ 
- 
  ++(PC) 
- 
+ 
- 
- 
- 
  - 
+ 
Testis Parenchyma - - - +   + - -   + 
Brain Neuropil - - - -   - - -   - 
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LN – pancreatic Cortex 
Medulla 
- 
- 
- 
- 
- 
- 
++++ 
++++ 
++++ 
++++ 
- 
+++u 
++++ 
- 
++++ 
- 
++++v 
++++ 
-w 
++ 
- 
- 
-t 
LN – thoracic Cortex  
Medulla 
- 
- 
- 
- 
- 
- 
- 
++++ 
- 
++++ 
- 
- 
++++ 
- 
++++ 
- 
- 
+++-++++ 
- 
+ 
- 
+ 
- 
- 
Eye Eye 
Eyelid MALT 
- 
- 
- 
- 
- 
- 
- 
++++ 
  - 
++++ 
- 
++++ 
- 
+ 
  + 
++ 
r staining suggestive of scattered degranulated cells 
s frequently adjacent surface of stromal tissue 
t a single node contains ++++ mast cells – large round mononuclear cells with large metachromatic cytoplasmic granules resembling the cells seen in spleen and suggestive of EMH 
u present only in two of four pancreatic lymph nodules 
v cortical cells localized to the subcapsular sinus 
w strong cytoplasmic staining of scattered plasmacytoid cells and moderate staining of more numerous follicular cells. 
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2.6	  DISCUSSION	  
In	  essence	  this	  study	  sought	  to	  provide	  information	  necessary	  for	  the	  first	  step	  of	  the	  dunnart	  forming	  an	  animal	  model	  of	  neosporosis.	  Specifically	  it	  sought	  to	  further	  define	  the	  nature	  of	  the	  host	  cellular	  response	  to	  experimental	  infection	  with	  N.	  caninum	  as	  a	  means	  to	  explain	  the	  high	  susceptibility	  to	  disease	  and	  rapid	  cyst	  formation	  observed	  in	  S.	  crassicaudata.	  In	  the	  process	  it	  has	  demonstrated	  the	  first	  reported	  CD4	  labelling	  of	  T	  helper	  cells	  in	  a	  dasyurid	  species,	  shown	  the	  frequent	  absence	  of	  a	  host	  cell	  response	  to	  intracellular	  proliferation	  by	  N.	  caninum	  in	  the	  absence	  of	  cell	  and	  tissue	  necrosis,	  and	  highlighted	  the	  lack	  of	  demonstrable	  organisms	  in	  tissue	  sections	  following	  experimental	  oocyst	  inoculation	  of	  S.	  crassicaudata.	  	  	  
2.61	  Immunohistochemical	  labelling	  of	  N.	  caninum	  and	  its	  life	  stages	  
Grading	  for	  severity	  of	  N.	  caninum	  infection	  Tachyzoite	  inoculated	  S.	  crassicaudata	  in	  this	  study	  were	  euthanised	  at	  13-­‐18	  days	  due	  to	  development	  of	  non-­‐specific	  clinical	  signs	  of	  ill	  health.	  Furthermore,	  changes	  observed	  within	  this	  group	  were	  relative	  consistent	  across	  individual	  animals.	  They	  did	  not	  display	  neurological	  signs	  as	  is	  frequently	  reported	  in	  experimentally	  infected	  eutherian	  animals.	  This	  was	  reflected	  in	  the	  finding	  of	  few	  individual	  zoites	  within	  tissue	  of	  the	  CNS,	  and	  the	  lack	  of	  significant	  tissue	  necrosis	  in	  brain,	  and	  the	  absence	  of	  any	  resulting	  inflammatory	  infiltration.	  These	  animals	  appear	  to	  have	  succumbed	  to	  severe	  acute	  disseminated	  disease	  and	  unabated	  intracellular	  tachyzoite	  proliferation,	  prior	  to	  significant	  changes	  being	  observed	  within	  the	  brain.	  In	  mouse	  models	  clinical	  signs	  associated	  with	  infection	  of	  the	  brain	  are	  generally	  reported	  from	  day	  20-­‐post	  inoculation,	  and	  it	  seems	  feasible	  to	  suggest	  that	  the	  S.	  crassicaudata	  did	  not	  survive	  long	  enough	  to	  show	  similar	  signs.	  	  
Alternative	  protocol	  for	  labelling	  N.	  caninum	  The	  development	  of	  an	  alternative	  staining	  protocol	  for	  identification	  of	  N.	  caninum	  zoites	  and	  cysts	  provided	  a	  reduction	  in	  the	  degree	  of	  non-­‐specific	  staining	  at	  the	  expense	  of	  a	  mild	  decrease	  in	  staining	  intensity	  and	  zoite	  morphology,	  compared	  with	  the	  original	  protocol.	  The	  reduction	  in	  non-­‐specific	  staining	  with	  the	  alternative	  protocol	  was	  attributed	  to	  inclusion	  of	  proprietary	  stabilising	  proteins	  in	  the	  new	  detection	  system	  (Dako	  REAL	  EnVision	  Detection	  System,	  Peroxidase/DAB+,	  Rabbit/Mouse,	  K5007).	  	  Neither	  protocol	  was	  clearly	  better	  than	  the	  other	  for	  all	  purposes	  and	  each	  demonstrated	  advantages.	  In	  a	  diagnostic	  scenario	  the	  original	  protocol	  would	  be	  desirable	  due	  to	  its	  greater	  staining	  intensity	  and	  high	  level	  of	  zoite	  morphology	  suitable	  for	  confirmation	  of	  positive	  labelling.	  In	  a	  research	  scenario	  where	  the	  agent	  of	  disease	  is	  known,	  the	  alternative	  protocol	  provided	  the	  benefit	  of	  improved	  visualisation	  of	  zoite	  location	  within	  cells	  and	  a	  reduction	  in	  non-­‐specific	  staining	  of	  other	  structures	  in	  some	  tissues.	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N.	  caninum	  is	  not	  visible	  in	  tissues	  following	  oocyst	  inoculation	  In	  the	  present	  study,	  results	  of	  labelling	  with	  both	  protocols	  were	  considered	  together	  in	  assessing	  the	  degree	  and	  location	  of	  zoite	  infection.	  Use	  of	  the	  alternative	  protocol	  on	  the	  splenic	  tissue	  from	  the	  oocyst-­‐inoculated	  animal	  did	  not	  show	  the	  non-­‐specific	  staining	  of	  large	  round	  cells	  seen	  with	  the	  original	  protocol.	  This	  prompted	  further	  investigation	  of	  these	  cells	  and	  their	  subsequent	  identification	  as	  mast	  cells.	  Within	  spleen	  these	  cells	  were	  larger	  than	  observed	  in	  other	  tissues,	  prompting	  consideration	  of	  them	  being	  immature	  cells	  of	  the	  mast	  cell	  line.	  Extensive	  extramedullary	  haematopoiesis	  is	  a	  standard	  feature	  of	  spleens	  in	  the	  dunnart	  –	  refer	  to	  Chapter	  One.	  Furthermore,	  the	  alternative	  protocol	  did	  not	  show	  staining	  of	  cells	  in	  the	  cerebellum	  observed	  with	  the	  original	  staining	  protocol,	  confirming	  the	  interpretation	  of	  this	  as	  non-­‐specific	  positive	  staining.	  	  Initially	  when	  examining	  labelling	  with	  the	  N.	  caninum	  antibody	  an	  attempt	  was	  made	  to	  differentiate	  on	  the	  basis	  of	  whether	  intracellular	  zoite	  proliferations	  were	  present,	  however	  this	  was	  considered	  irrelevant	  in	  the	  final	  grading	  as	  intracellular	  aggregates	  of	  zoites	  were	  present	  in	  the	  majority	  of	  tissues	  where	  infection	  was	  detected.	  
2.62	  Grading	  for	  degree	  of	  tissue	  necrosis	  Review	  of	  pathology	  associated	  with	  tachyzoite	  inoculation	  in	  S.	  crassicaudata	  identified	  moderate	  to	  marked	  necrosis	  in	  multiple	  organs	  across	  the	  three	  animals.	  Most	  severely	  affected	  was	  pancreas,	  with	  extensive,	  multifocal,	  lytic	  necrosis	  of	  acinar	  cells	  in	  multiple	  animals.	  	  Severe	  necrosis	  was	  also	  observed	  in	  the	  detrusor	  muscle	  of	  one	  of	  the	  animals,	  with	  necrosis	  of	  moderate	  severity	  also	  seen	  in	  liver,	  skeletal	  muscle,	  heart	  and	  adrenal	  gland.	  In	  contrast,	  necrosis	  of	  the	  brain	  was	  not	  a	  significant	  feature	  of	  infection	  in	  these	  animals.	  The	  degree	  and	  distribution	  of	  necrosis	  contrasts	  with	  disease	  reported	  in	  BALB/c	  mice	  inoculated	  with	  the	  NC-­‐Nowra	  isolate,	  in	  which	  neurological	  disease	  associated	  with	  necrotising	  encephalitis	  was	  a	  key	  feature.	  Clinical	  signs	  in	  those	  animals	  were	  not	  observed	  until	  20	  days	  post	  inoculation	  and	  the	  isolate	  demonstrated	  comparatively	  low	  virulence	  in	  these	  mice	  compared	  with	  the	  NC-­‐Liverpool	  isolate.	  Death	  in	  tachyzoite	  inoculated	  S.	  crassicaudata	  occurred	  at	  an	  earlier	  stage	  of	  disease.	  It	  remains	  possible	  that	  the	  lack	  of	  changes	  within	  the	  nervous	  system	  of	  S.	  crassicaudata	  reflected	  the	  acute	  nature	  of	  the	  disease,	  and	  that	  animals	  surviving	  for	  a	  longer	  period	  may	  have	  eventually	  developed	  cerebral	  and	  cerebellar	  lesions.	  The	  pathology	  observed	  in	  S.	  crassicaudata	  more	  closely	  resembles	  that	  reported	  in	  inbred	  mouse	  strains	  such	  as	  the	  athymic	  mice,	  and	  the	  Swiss	  white	  mice	  immunosuppressed	  with	  high	  doses	  of	  MPA	  as	  part	  of	  the	  initial	  characterisation	  of	  disease	  in	  this	  mouse	  model.	  The	  former	  group	  inoculated	  with	  another	  NC	  isotype	  of	  less	  virulence	  than	  NC-­‐Liverpool	  (NC-­‐JPA1)	  also	  developed	  signs	  at	  18-­‐20	  days	  post	  inoculation,	  although	  they	  subsequently	  died	  within	  2-­‐5	  days.	  Again,	  neurological	  signs	  predominated	  in	  these	  animals.	  Also	  noted	  was	  severe	  necrosis	  of	  visceral	  organs	  including	  pancreas	  with	  mild	  to	  moderate	  infiltration	  by	  neutrophils,	  macrophages	  and/or	  lymphocytes	  –	  as	  occurred	  in	  the	  present	  study.	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The	  immunosuppressed	  Swiss	  white	  mice	  died	  or	  were	  euthanised	  at	  11-­‐13	  days	  with	  disseminated	  disease,	  as	  occurred	  with	  the	  S.	  crassicaudata.	  They	  also	  showed	  necrosis	  within	  visceral	  organs	  and	  myositis	  of	  heart	  and	  skeletal	  muscle.	  	  Neosporosis	  in	  dasyurids	  therefore	  resembles	  that	  in	  immunocompromised	  eutherian	  mammals,	  and	  is	  typified	  by	  severe	  disseminated	  disease,	  an	  acute	  time	  course,	  significant	  necrosis	  of	  visceral	  and	  muscular	  tissues,	  and	  a	  lack	  neurological	  signs.	  
2.63	  Characterization	  of	  host	  cellular	  response	  
Grading	  for	  intensity	  and	  type	  of	  inflammation	  The	  degree	  of	  inflammation	  associated	  with	  tissue	  infection	  with	  N.	  caninum	  correlated	  with	  the	  degree	  of	  necrosis	  rather	  the	  number	  of	  organisms	  present.	  Moderate	  to	  marked	  inflammation	  within	  the	  surrounding	  tissue	  was	  commonly	  observed	  in	  areas	  of	  substantial	  necrosis,	  while	  infiltrating	  cells	  were	  frequently	  degenerate	  at	  necrotic	  foci.	  In	  contrast,	  large	  numbers	  of	  intracellular	  organisms	  could	  be	  present	  in	  the	  absence	  of	  an	  inflammatory	  infiltrate.	  At	  sites	  of	  necrosis	  H&E	  sections	  suggested	  inflammatory	  cells	  were	  predominantly	  neutrophilic,	  with	  lower	  numbers	  of	  mononuclear	  cells	  likely	  to	  be	  macrophages.	  This	  correlated	  well	  with	  immunohistochemical	  staining	  showing	  a	  high	  number	  of	  MAC387-­‐positive	  cells	  within	  or	  surrounding	  these	  foci.	  	  The	  best	  assessment	  of	  infiltrating	  cell	  type	  associated	  with	  tissue	  infection	  and/or	  necrosis	  was	  achievable	  by	  examining	  tissues	  with	  low	  numbers	  of	  resident	  leucocytes	  in	  control	  animals	  such	  as	  myocardium,	  muscular	  tunics	  of	  the	  gastrointestinal	  tract	  and	  urinary	  bladder,	  liver	  and	  pancreas.	  In	  pancreas	  for	  example,	  marked	  necrosis	  was	  associated	  with	  moderate	  to	  marked	  inflammation	  containing	  high	  numbers	  of	  MAC387	  positive	  cells	  (predominantly	  neutrophils	  with	  fewer	  macrophages),	  and	  low	  to	  moderate	  numbers	  of	  CD3	  positive	  T	  cells.	  B	  cell	  infiltration	  was	  not	  a	  feature	  in	  these	  areas.	  Where	  evaluated,	  the	  T	  cell	  infiltrate	  included	  rare	  CD4	  positive	  T	  helper	  cells	  while	  CD8	  positive	  cytotoxic	  cells	  were	  not	  detected.	  Variable	  numbers	  (absent,	  rare,	  low)	  of	  mast	  cells	  were	  present	  within	  these	  areas;	  however	  their	  density	  did	  not	  differ	  from	  that	  of	  the	  surrounding	  non-­‐inflamed	  tissue.	  Moderate	  to	  high	  numbers	  of	  similar	  staining	  cells	  were	  detected	  in	  adjacent	  lymph	  nodes,	  particularly	  in	  the	  subcapsular	  and	  medullary	  sinuses,	  consistent	  with	  drainage	  from	  these	  areas	  of	  inflammation	  and	  necrosis.	  One	  such	  node	  (animal	  B21)	  showed	  a	  high	  number	  of	  CD4+	  Th	  cells	  within	  the	  cortex,	  no	  detectable	  CD8+	  T	  cells,	  moderate	  to	  high	  numbers	  of	  IgM+	  plasma	  cells	  and	  a	  no	  detectable	  IgG+	  plasma	  cells.	  	  In	  contrast,	  tissues	  showing	  large	  numbers	  of	  intracellular	  zoites	  but	  an	  absence	  of	  necrosis	  generally	  showed	  an	  absence	  of	  inflammation	  or	  mild	  infiltration.	  Examples	  include	  the	  large	  parasite	  numbers	  detected	  in	  detrusor	  muscle	  in	  two	  animals	  in	  which	  necrosis	  was	  not	  a	  feature,	  as	  well	  as	  parasites	  present	  within	  myocytes	  of	  the	  gastrointestinal	  tract	  and	  prostate.	  Low	  numbers	  of	  inflammatory	  cells	  in	  these	  areas	  included	  MAC387+	  cells	  (consistent	  with	  neutrophils)	  and	  CD3+	  T	  cells.	  Rare	  CD79b+	  plasma	  cells	  and	  scattered	  mast	  cells	  were	  detected,	  at	  levels	  similar	  to	  those	  in	  negative	  control	  animals.	  
	   123	  
These	  observations	  are	  consistent	  with	  those	  reported	  in	  severe	  acute	  toxoplasmosis	  in	  marsupials,	  and	  severe	  acute	  disseminated	  neosporosis	  in	  experimentally	  infected	  immunosuppressed	  mice.	  Intracellular	  multiplication	  and/or	  cyst	  formation	  is	  not	  associated	  with	  a	  substantial	  host	  inflammatory	  response,	  which	  only	  appears	  to	  occur	  following	  cell	  and	  tissue	  necrosis.	  
Limitations	  of	  immunohistochemical	  assessment	  of	  host	  response	  This	  study	  aimed	  to	  characterise	  the	  nature	  of	  the	  host	  inflammatory	  response	  in	  S.	  crassicaudata	  infected	  with	  N.	  caninum	  using	  immunohistochemical	  labelling.	  To	  this	  end	  it	  has	  shown	  that	  immunohistochemical	  labelling	  in	  S.	  crassicaudata	  is	  successful	  using	  the	  described	  anti-­‐CD3,	  CD79b,	  PAX5,	  and	  MAC387	  clones.	  Furthermore,	  use	  of	  the	  novel	  monoclonal	  antibodies	  developed	  against	  Tasmanian	  devil	  antigens	  appears	  to	  show	  effective	  cross-­‐species	  reactivity.	  This	  is	  the	  first	  report	  of	  successful	  labelling	  with	  CD4	  in	  a	  dasyurids.	  Levels	  of	  labelling	  with	  the	  anti-­‐CD4	  and	  anti-­‐IgM	  antibodies	  are	  as	  expected.	  However,	  some	  uncertainty	  remains	  regarding	  the	  anti-­‐CD8	  and	  anti-­‐IgG	  antibodies	  due	  to	  low	  levels	  of	  labelling	  observed.	  Uncertainty	  also	  exists	  given	  the	  omnipresent	  potential	  for	  non-­‐specific	  plasma	  cell	  staining	  with	  any	  antibody.	  Despite	  this,	  there	  appears	  to	  be	  sufficient	  evidence	  of	  appropriate	  cell	  staining	  to	  warrant	  future	  investigation	  using	  these	  antibodies	  in	  this	  species,	  perhaps	  in	  tissues	  likely	  to	  contain	  a	  higher	  proportion	  of	  positively	  staining	  cells.	  Ultimately,	  positive	  confirmation	  of	  antibody	  specificity	  requires	  the	  use	  of	  additional	  technologies	  such	  as	  Western	  Blotting.211	  	  A	  previous	  study	  of	  detection	  of	  bovine	  CD2+,	  CD4+,	  CD8+	  and	  WC1+	  T	  lymphocytes,	  B	  lymphocytes	  and	  macrophages	  in	  fixed	  and	  paraffin	  embedded	  sections	  showed	  that	  CD4+	  and	  CD8+	  staining	  required	  the	  most	  stringent	  conditions	  of	  specimen	  preparation,	  antigen	  retrieval	  and	  amplication	  to	  achieve	  acceptable	  staining	  specificity	  and	  intensity.212	  In	  both	  instances	  fixation	  with	  formal	  dichromate	  (FD5)	  rather	  than	  formalin	  was	  necessary	  for	  effective	  staining.	  The	  authors	  commented	  that	  FD5	  fixation	  was	  superior	  to	  formalin	  fixation	  for	  preservation	  of	  surface	  antigens,	  although	  the	  converse	  was	  true	  for	  markers	  displaying	  cytoplasmic	  reactivity	  such	  as	  the	  MAC387	  macrophage	  marker	  and	  some	  of	  the	  B	  cell	  markers.	  If	  necessary,	  alternative	  fixation	  techniques	  could	  be	  a	  consideration	  for	  future	  immunohistochemical	  investigations	  in	  the	  dasyurid.	  	  Successful	  labelling	  was	  not	  achieved	  with	  either	  of	  the	  CD18	  clones	  nor	  with	  the	  IFN-­‐γ,	  IL-­‐4,	  MHCII	  or	  CD79a	  antibodies.	  Lack	  of	  staining	  with	  the	  first	  three	  antibodies	  is	  not	  unexpected	  due	  to	  previous	  personal	  and	  reported	  observations	  of	  restricted	  or	  absent	  cross-­‐species	  reactivity	  within	  eutherian	  species	  –	  refer	  to	  Appendix	  2.3	  for	  previous	  staining	  and	  study	  references.	  The	  monoclonal	  CD18	  antibody	  has	  been	  developed	  against	  a	  canine	  antigen	  and	  has	  failed	  to	  stain	  feline	  cells;	  the	  polyclonal	  CD18	  is	  an	  antihuman	  antibody	  that	  has	  failed	  to	  stain	  canine	  cells;	  and	  the	  IFN-­‐γ	  is	  an	  anti-­‐bovine	  antibody	  that	  has	  also	  failed	  to	  stain	  canine	  specimens.	  IL-­‐4	  labelling	  of	  marsupial	  tissues	  has	  previously	  been	  reported	  as	  unsuccessful	  with	  this	  clone.	  Staining	  in	  that	  study	  utilized	  formalin	  fixed	  and	  frozen	  sections,	  and	  a	  variety	  of	  retrieval	  techniques.213	  	  Appropriate	  positive	  staining	  was	  not	  achieved	  using	  the	  anti-­‐IFN-­‐γ	  antibody.	  Use	  of	  dilutions	  from	  1:50-­‐1:500	  showed	  marked	  non-­‐specific	  nuclear	  and	  cytoplasmic	  staining	  approaching	  100%	  of	  cells	  and	  tissues.	  This	  product	  had	  been	  used	  to	  demonstrate	  upregulation	  of	  γ	  interferon	  as	  part	  of	  a	  Th1	  immune	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response	  in	  the	  placenta	  of	  cows	  infected	  with	  N.caninum.214	  Further	  refining	  of	  the	  protocol	  might	  be	  possible	  using	  an	  anti-­‐mouse	  secondary	  detection	  system,	  although	  it	  can’t	  be	  excluded	  that	  a	  lack	  of	  appropriate	  cross-­‐species	  reactivity	  is	  the	  problem.	  Appropriate	  labelling	  of	  canine	  tissue	  samples	  was	  not	  achieved.	  A	  single	  attempt	  at	  labelling	  using	  an	  anti-­‐IL4	  antibody	  was	  unsuccessful;	  further	  attempts	  were	  not	  made	  given	  published	  literature	  suggesting	  this	  antibody	  requires	  frozen	  sections	  for	  effective	  labelling.	  Surprising,	  and	  more	  difficult	  to	  explain	  is	  the	  lack	  of	  labelling	  success	  with	  the	  anti-­‐MHCII	  antibody	  used	  in	  this	  study.	  Lack	  of	  cross-­‐species	  reactivity	  is	  insufficient	  to	  explain	  a	  lack	  of	  staining	  given	  the	  successful	  staining	  in	  other	  marsupial	  species	  such	  as	  the	  koala,	  the	  lack	  of	  staining	  with	  canine	  control	  sections,	  and	  the	  apparent	  success	  of	  this	  protocol	  in	  the	  same	  laboratory	  by	  the	  author.	  Lack	  of	  labelling	  with	  MHCII	  was	  despite	  trialing	  various	  combinations	  of	  primary	  antibody	  dilution	  (1:25,	  1:50,	  1:100),	  purchase	  of	  a	  new	  antibody	  batch,	  use	  of	  an	  FITC-­‐conjugated	  antibody,	  different	  secondary	  and	  tertiary	  detection	  protocols	  (LSAB+SA-­‐HRP,	  EnVision	  Mouse/Rabbit),	  and	  control	  sections	  from	  different	  species	  (reactive	  canine	  and	  dunnart	  lymph	  node,	  canine	  and	  dunnart	  spleen).	  Protocols	  trialed	  included	  those	  previously	  published	  as	  being	  successful	  in	  marsupial	  species	  and	  which	  the	  author	  had	  successfully	  used	  in	  staining	  of	  tissue	  from	  a	  pigmy	  hippopotamus.	  Staining	  was	  limited	  to	  non-­‐specific	  staining	  of	  cells	  assessed	  as	  plasma	  cells	  within	  medulla	  of	  lymph	  node.	  Future	  staining	  may	  involve	  staining	  of	  a	  specimen	  known	  to	  stain	  successfully,	  and	  working	  back	  from	  a	  positive	  protocol	  in	  that	  species.	  	  Appropriate	  positive	  staining	  was	  not	  achieved	  with	  the	  anti-­‐CD79a	  antibody,	  despite	  appropriate	  positive	  staining	  in	  canine	  and	  feline	  tissue.	  This	  is	  consistent	  with	  previous	  reports	  of	  poor	  staining	  using	  anti-­‐CD79a	  antibody	  in	  marsupial	  tissues.	  
2.64	  Future	  directions	  -­	  further	  characterizing	  the	  S.	  crassicaudata	  animal	  model	  
of	  neosporosis	  
Are	  marsupials	  more	  susceptible	  to	  intracellular	  agents	  of	  disease	  than	  eutherians?	  Multiple	  authors	  have	  suggested	  that	  marsupials	  show	  an	  increased	  susceptibility	  to	  disease	  caused	  by	  intracellular	  pathogens	  in	  general,	  compared	  with	  the	  eutherian	  mammals.215	  In	  addition	  to	  N.	  caninum	  and	  T.	  gondii	  infection,	  reports	  presenting	  the	  susceptibility	  of	  the	  tammar	  wallaby	  to	  experimental	  infection	  with	  hydatid	  cysts	  and	  coccidian	  infection	  support	  such	  a	  hypothesis.127,216	  The	  latter	  was	  associated	  with	  a	  lack	  of	  inflammatory	  response.	  Mycobacterial	  infection	  in	  possums,	  which	  then	  act	  as	  a	  reservoir	  for	  bovine	  tuberculosis,	  and	  the	  fact	  that	  chlamydial	  disease	  resulting	  from	  Chlamydophila	  
pecorum	  and	  Chlamydophila	  pneumoniae	  infection	  is	  the	  most	  common	  disease	  of	  wild	  koalas,	  are	  additional	  examples.217	  Given	  the	  role	  of	  type	  1	  cell	  mediated	  immune	  response	  in	  such	  infections,	  it	  has	  been	  proposed	  that	  despite	  apparent	  structural	  similarities	  across	  therian	  species,	  functional	  differences	  may	  exist.127	  Such	  differences	  may	  involve	  any	  component	  of	  cell-­‐mediated	  immunity,	  including	  T	  cells	  and	  the	  antigen	  presenting	  cells.	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Detecting	  a	  reason	  for	  the	  relatively	  high	  susceptibility	  of	  dasyurids	  and	  marsupials	  to	  protozoal	  disease,	  compared	  with	  eutherian	  species,	  provided	  an	  incentive	  for	  this	  immunohistological	  study	  of	  host	  cell	  response.	  On	  the	  basis	  of	  the	  published	  literature	  and	  staining	  observations	  in	  this	  study	  it	  seems	  reasonable	  to	  assume	  that	  S.	  crassicaudata	  have	  the	  cellular	  components	  necessary	  to	  mount	  an	  appropriate	  immune	  response,	  but	  fail	  to	  do	  so.	  From	  studies	  in	  knockout	  mice	  it	  is	  apparent	  that	  any	  deficit	  in	  the	  cellular	  or	  cytokine	  machinery	  necessary	  for	  mounting	  the	  expected	  Th1-­‐biased	  host	  response	  may	  be	  responsible.	  This	  includes	  deficits	  altering	  the	  Th1/Th2	  balance,	  while	  the	  role	  of	  Th17	  in	  neosporosis	  remains	  to	  be	  clarified.	  In	  particular,	  the	  process	  of	  antigenic	  recognition	  and	  presentation	  to	  cells	  of	  the	  immune	  system	  is	  likely	  to	  be	  critical,	  requiring	  among	  other	  things	  upregulation	  of	  MHCII	  molecules	  and	  interferon-­‐γ	  elaboration.	  	  This	  study	  was	  limited	  in	  scope	  to	  immunohistochemical	  investigation	  of	  host	  response.	  Immunohistochemical	  staining	  of	  specimens	  permits	  visualisation	  of	  cell	  location	  within	  tissues,	  in	  comparison	  with	  molecular	  studies	  aimed	  at	  detecting	  upregulation	  of	  cells	  and	  cytokines	  more	  generally.	  However,	  successful	  labelling	  is	  dependant	  on	  the	  availability	  of	  antibodies	  effectively	  targeting	  particular	  cellular	  antigens	  in	  the	  animal	  species	  of	  interest.	  Where	  antibodies	  have	  shown	  appropriate	  and	  specific	  staining	  in	  humans	  or	  another	  animal	  species,	  successful	  use	  in	  S.	  crassicaudata	  is	  reliant	  on	  sufficient	  preservation	  of	  the	  antigenic	  target	  and	  effective	  cross-­‐species	  reactivity.	  Unfortunately,	  in	  the	  present	  study	  planned	  labelling	  of	  some	  molecules	  was	  unsuccessful.	  An	  inability	  to	  detect	  MHC	  II	  prevented	  a	  comparison	  of	  number	  of	  antigen	  presenting	  cells	  in	  infected	  and	  control	  tissues	  and	  the	  possibility	  of	  detecting	  a	  difference.	  	  Cytokine	  elaboration	  defines	  the	  T	  helper	  cell	  response	  (Th1,	  Th2,	  Th17)	  as	  outlined	  in	  the	  literature	  review.	  Of	  interest	  in	  neosporosis	  are	  the	  Th1	  cytokines,	  and	  more	  specifically	  the	  level	  of	  Th1	  cytokines	  relative	  to	  Th2-­‐associated	  cytokines.	  For	  this	  reason	  markers	  to	  label	  the	  Th1	  cytokine	  IFN-­‐γ	  and	  the	  Th2	  cytokine	  IL-­‐4	  were	  chosen	  for	  inclusion.	  Unfortunately	  neither	  showed	  effective	  labelling	  in	  the	  dunnart,	  preventing	  further	  definition	  of	  the	  T	  helper	  cell	  host	  response.	  Future	  investigations	  should	  seek	  to	  investigate	  levels	  of	  the	  same	  cytokines	  in	  dunnarts	  as	  have	  been	  assessed	  in	  mouse	  models	  and	  in	  cows.	  Of	  interest	  would	  be	  levels	  of	  Th1	  associated	  cytokines	  such	  as	  IFN-­‐γ	  and	  IL-­‐12	  (as	  well	  as	  IL-­‐18,	  IL-­‐2	  and	  TNF-­‐alpha	  and	  beta),	  likely	  increased	  in	  response	  to	  intracellular	  infection	  in	  an	  immunocompetent	  animal.	  Comparison	  with	  the	  Th-­‐2	  associated	  cytokines,	  IL-­‐4	  would	  be	  beneficial	  for	  assessment	  of	  cytokine	  balance.	  Also	  of	  interest	  would	  be	  levels	  of	  parasite-­‐specific	  IgG2	  previously	  shown	  to	  be	  elevated	  in	  cows	  as	  part	  of	  the	  humoral	  response	  to	  infection	  with	  N.	  caninum.	  In	  the	  present	  study	  a	  lack	  of	  cytokine	  labelling	  prevented	  further	  classification	  of	  CD4	  labelling	  lymphocytic	  infiltrates	  into	  likely	  Th1	  or	  Th2	  cells.	  	  
Alternative	  techniques	  to	  explore	  the	  dynamics	  of	  antigen-­receptor	  and	  recognition	  molecules	  This	  study	  provides	  the	  groundwork	  for	  more	  specific	  immunohistochemical	  investigation	  of	  the	  marsupial	  immune	  response.	  Further	  defining	  the	  T	  cell	  response	  requires	  the	  use	  of	  antibodies	  effectively	  labelling	  key	  cytokines,	  in	  particular.	  More	  likely	  is	  that	  alternative	  techniques	  such	  as	  real	  time	  PCR	  will	  be	  of	  greater	  benefit	  in	  further	  defining	  the	  host	  cellular	  response.	  Supporting	  the	  use	  of	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alternative	  technologies	  for	  qualification	  and	  quantification	  of	  cytokines	  is	  their	  presence	  in	  the	  fluid	  component	  of	  tissues,	  mostly	  lost	  during	  histochemical	  processing,	  and	  that	  upregulation	  can	  be	  transient	  and	  of	  short	  duration.	  	  
Exploring	  alternative	  routes	  of	  inoculation	  As	  a	  consequence	  of	  this	  staining	  outcome	  no	  agents	  of	  disease	  were	  detectable	  in	  tissues	  from	  the	  oocyst	  inoculated	  animals.	  This	  may	  reflect	  the	  relative	  insensitivity	  in	  detecting	  low	  numbers	  of	  organisms	  in	  histopathological	  sections,	  given	  the	  initial	  investigation	  detected	  organisms	  in	  the	  brain	  of	  one	  animal	  with	  PCR	  analysis.	  A	  summary	  of	  PCR	  findings	  for	  each	  animal	  is	  provided	  in	  Appendix	  2.6.	  Despite	  the	  inherent	  difficulties	  in	  obtaining	  viable	  oocysts	  (short	  and	  intermittent	  excretion	  of	  low	  numbers	  of	  organisms)	  it	  would	  be	  useful	  in	  terms	  of	  further	  defining	  transmission	  in	  this	  species	  to	  further	  investigate	  outcomes	  with	  this	  route	  of	  inoculation.	  An	  alternative	  model	  for	  investigation	  of	  infection	  initiated	  within	  the	  gastrointestinal	  tract,	  and	  presumably	  the	  natural	  epidemiology	  of	  disease	  in	  this	  species,	  could	  involve	  intragastric	  inoculation	  with	  tachyzoites	  rather	  than	  oocysts.	  Successful	  intragastric	  inoculation	  has	  previously	  been	  trialed	  in	  experimental	  mouse	  models	  using	  Toll-­‐like	  Receptor	  4-­‐	  and	  functional	  IL-­‐12Rbeta2	  chain-­‐deficient	  C57BL/10	  ScCr	  mice.218	  Use	  of	  tachyzoites	  provides	  an	  attractive	  alternative	  model	  given	  that	  the	  oral	  dose	  of	  oocysts	  to	  induce	  fatal	  neosporosis	  in	  the	  gerbil,	  which	  is	  a	  highly	  susceptible	  rodent	  model,	  was	  of	  the	  order	  of	  103	  organisms.89	  This	  study	  has	  added	  to	  our	  knowledge	  of	  the	  nature	  of	  the	  cellular	  response	  in	  S.	  crassicaudata	  to	  experimental	  inoculation	  with	  N.	  caninum	  and	  supports	  the	  development	  of	  the	  dunnart	  as	  a	  suitable	  animal	  model	  for	  this	  disease	  and	  others.	  This	  knowledge	  builds	  on	  that	  obtained	  from	  the	  observations	  of	  spontaneously	  occurring	  disease	  made	  in	  Chapter	  One.	  That	  chapter	  also	  provided	  information	  on	  the	  normal	  gross	  and	  microscopic	  parameters	  for	  the	  species	  –	  	  essential	  information	  when	  interpreting	  change	  attributable	  to	  an	  experimental	  intervention.	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CHAPTER	  THREE:	  
IMMUNOHISTOCHEMICAL	  INVESTIGATION	  OF	  PAPILLOMAVIRUS	  
ASSOCIATION	  WITH	  CARCINOMATOUS	  PROLIFERATIONS	  IN	  A	  
CAPTIVE-­BRED	  DUNNART	  COLONY	  (S.	  CRASSICAUDATA	  AND	  	  
S.	  MACROURA)	  	  
3.1	  LITERATURE	  REVIEW	  –	  PAPILLOMAVIRUS-­ASSOCIATED	  DISEASE	  
IN	  MARSUPIALS	  
3.11	  Virally	  induced	  squamous	  proliferations	  within	  marsupial	  species	  A	  review	  of	  the	  evidence	  supporting	  a	  papillomavirus	  association	  with	  preneoplastic	  and	  neoplastic	  (SCC)	  skin	  diseases	  in	  human	  and	  non-­‐human	  mammals	  (including	  in	  domestic	  species)	  outlined	  the	  potential	  carcinogenic	  nature	  of	  this	  group	  of	  viruses.219	  A	  similar	  association	  between	  viral	  presence	  and	  epithelial	  proliferations	  has	  been	  shown	  in	  multiple	  marsupial	  species,	  although	  reports	  are	  comparatively	  few.	  In	  1972,	  Papadimitriou	  and	  Ashman	  identified	  a	  poxvirus	  associated	  with	  the	  frequent	  development	  of	  papillomatous	  lesions	  on	  the	  dorsal	  distal	  tail	  of	  quokkas	  (Setonix	  brachyurus).220	  Papillomas	  were	  often	  single,	  occasionally	  multiple,	  and	  ranged	  in	  size	  from	  a	  few	  millimeters	  to	  4-­‐5cm.	  Typical	  microscopic	  features	  included	  acanthosis,	  hyperkeratosis	  with	  a	  parakeratotic	  component,	  thickened,	  elongated	  and	  clubbed	  rete	  pegs	  inclined	  inwards	  at	  lesion	  margins,	  and	  occasional	  eosinophilic	  cytoplasmic	  inclusions	  marginating	  the	  nucleus.	  Subsequent	  electron	  microscopy	  identified	  occasional	  fibrillar	  intranuclear	  viral	  inclusions	  as	  well	  as	  fewer	  cytoplasmic	  particles.	  	  	  In	  the	  same	  year,	  Koller	  identified	  viral	  particles	  with	  features	  of	  Papovaviridae	  from	  cutaneous	  papillomatous	  lesions	  of	  the	  foot,	  leg	  and	  ear	  flap	  of	  a	  captive-­‐bred	  1-­‐year-­‐old	  American	  opossum	  (Didelphis	  marsupialis).221	  The	  lesions	  regressed	  over	  6-­‐12	  months.	  DNA	  analysis	  was	  not	  performed	  and	  the	  definitive	  host	  remained	  in	  doubt.	  The	  author	  questioned	  if	  exposure	  to	  virus	  from	  an	  animal	  handler	  may	  have	  been	  the	  source	  of	  infection;	  however,	  subsequent	  attempts	  at	  transmission	  by	  cutaneous	  inoculation	  of	  suspensions	  from	  human	  and	  opossum	  lesions	  were	  unsuccessful.	  It	  was	  not	  until	  a	  brief	  report	  in	  2000	  that	  a	  cutaneous	  papillomavirus	  (Papovaviridae)	  isolated	  from	  wart-­‐like	  and	  plaque-­‐like	  lesions	  on	  the	  ventral	  tail	  of	  a	  wild-­‐caught	  New	  Zealand	  brushtail	  possum	  (Trichosurus	  vulpecula)	  was	  identified	  and	  partially	  characterised	  using	  electron	  microscopy	  and	  PCR	  amplification.222	  Discrete	  circular	  wart-­‐like	  masses	  4-­‐10mm	  diameter	  and	  a	  30x8mm	  plaque	  were	  biopsied	  and	  the	  histological	  appearances	  described	  as	  typical	  of	  a	  papillomatous	  proliferations.	  Attempted	  transmission	  to	  another	  possum	  by	  cutaneous	  inoculation	  was	  unsuccessful.	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In	  the	  past	  decade,	  researchers	  at	  Murdoch	  University,	  Perth,	  Australia,	  have	  identified	  and	  sequenced	  three	  papillomaviruses	  (or	  papillomavirus-­‐polyomavirus	  hybrids)	  associated	  with	  cutaneous	  papillomatous	  proliferations	  within	  regional	  indigenous	  marsupial	  species.	  The	  first	  of	  these	  was	  the	  bandicoot	  papillomatosis	  and	  carcinomatosis	  virus	  type	  1	  (BPCV1)	  associated	  with	  lesions	  in	  the	  western	  barred	  bandicoot	  (Perameles	  bougainville),	  discussed	  further	  below.44	  The	  second	  virus,	  and	  the	  first	  papillomavirus	  from	  a	  marsupial	  host	  to	  have	  its	  genome	  completely	  characterised,	  was	  the	  Bettongia	  
penicillata	  papillomavirus	  type	  1	  (BpPV1)	  found	  in	  a	  woylie	  (Bettongia	  penicillata	  ogilbyi).223	  Papillomatous	  lesions	  were	  multiple	  and	  pigmented,	  affecting	  the	  left	  and	  right	  eyelid	  margins,	  and	  left	  muzzle.	  Lesions	  had	  regressed	  on	  multiple	  subsequent	  examinations	  occurring	  within	  6	  months	  of	  the	  initial	  examination.	  The	  third	  virus	  was	  the	  bandicoot	  papillomatosis	  and	  carcinomatosis	  virus	  type	  2	  (BPCV2),	  closely	  related	  to	  BPCV1,	  which	  was	  discovered	  from	  lesional	  material	  from	  an	  adult	  southern	  brown	  bandicoot	  (Isoodon	  obesulus).224	  Lesions	  in	  this	  animal	  were	  described	  as	  multifocal	  to	  coalescing,	  alopecic	  skin	  plaques	  affecting	  10-­‐15%	  of	  the	  skin	  surface	  of	  the	  limbs,	  chest,	  flank,	  lips,	  chin	  and	  face.	  
3.12	  Virally	  induced	  papilloma-­carcinoma	  disease	  in	  the	  western	  barred	  
bandicoot	  The	  western	  barred	  bandicoot	  is	  an	  endangered	  Australian	  marsupial.	  In	  1999	  wild	  and	  captive	  animals	  were	  observed	  with	  a	  multicentric	  papillomatosis	  and	  carcinomatosis	  syndrome,	  retrospectively	  discovered	  in	  museum	  specimens	  dating	  back	  to	  1982.44,225	  Lesions	  were	  typically	  wart-­‐like	  and	  progressive,	  but	  varied	  from	  irregular	  cutaneous	  thickenings	  to	  large	  discrete	  masses.	  They	  affected	  the	  skin	  of	  the	  digits,	  body	  and	  pouch,	  and	  the	  mucocutaneous	  junctions	  of	  the	  lips	  and	  conjunctiva	  –	  interfering	  with	  mobility,	  vision	  and	  the	  ability	  to	  eat,	  and	  contributing	  to	  significant	  debilitation.	  
Virus	  identification	  and	  location	  	  On	  the	  basis	  of	  histological	  features,	  and	  supported	  by	  subsequent	  immunohistochemical	  and	  ultrastructural	  findings,	  a	  viral	  agent	  of	  disease	  was	  suspected	  and	  in	  2007	  a	  new	  virus	  was	  sequenced	  from	  lesional	  material.44	  Sequencing	  of	  this	  BPCV1	  demonstrated	  genomic	  properties	  of	  both	  the	  papillomaviruses	  and	  the	  polyomaviruses	  –	  a	  natural	  papillomavirus-­‐polyomavirus	  hybrid	  based	  on	  the	  current	  system	  of	  classification.	  Immunohistochemical	  and	  ultrastructural	  evidence	  of	  an	  aetiological	  agent	  was	  limited	  to	  the	  conjunctival	  samples:	  large	  amphophilic	  intranuclear	  inclusion	  bodies	  were	  identified	  in	  eight	  such	  lesions.	  Three	  of	  these	  showed	  positive	  immunohistochemical	  staining	  for	  papillomavirus	  structural	  antigens.	  Two	  of	  these	  lesions	  showed	  an	  intranuclear	  crystalline	  array	  of	  spherical	  electro-­‐dense	  particles	  of	  45nm	  diameter	  on	  transmission	  electron	  microscopy	  –	  consistent	  with	  a	  papillomavirus	  or	  polyomavirus.225	  In	  situ	  hybridisation	  (ISH)	  testing	  was	  subsequently	  developed	  using	  five	  digoxigenin-­‐labelled	  DNA	  probes	  for	  use	  on	  formalin-­‐fixed	  paraffin	  embedded	  sections,	  and	  showed	  sensitivities	  of	  81%,	  70%	  and	  29%	  for	  papillomas,	  carcinomas	  in	  situ,	  and	  invasive	  carcinoma,	  respectively.226	  That	  is,	  decreasing	  viral	  identification	  with	  advancing	  disease	  state.	  
	   129	  
Papillomaviruses	  are	  frequently	  transmissible,	  epitheliotrophic	  and	  species-­‐specific	  viruses	  (although	  exceptions	  occur,	  including	  the	  association	  of	  bovine	  papillomavirus	  type	  1	  with	  equine	  sarcoids).227	  Their	  presence	  may	  be	  commensal,	  or	  be	  associated	  with	  benign	  or	  malignant	  epithelial	  proliferation.	  Polyomaviruses	  are	  generally	  non-­‐pathogenic	  in	  an	  immunocompetent	  natural	  host,	  although	  may	  contribute	  to	  disease	  in	  an	  immunocompromised	  or	  unnatural	  host.225	  	  
Lesion	  description	  and	  location	  Lesions	  within	  the	  initial	  study	  of	  42	  affected	  western	  barred	  bandicoots	  displayed	  a	  stepwise	  progression	  from	  benign	  through	  premalignant	  to	  malignant.225	  Grossly,	  they	  were	  frequently	  multicentric	  (86.6%)	  and	  ranged	  from	  small	  alopecic	  foci	  or	  nodular	  papillomatous	  thickenings	  1-­‐2mm	  diameter,	  to	  exophytic,	  ulcerated	  and	  crusted	  masses	  exceeding	  5cm	  diameter.	  Lesions	  involved	  the	  skin	  of	  the	  digit	  (64%),	  neck,	  thorax	  or	  abdomen	  (55%),	  or	  periaural	  region	  (53%);	  or	  mucocutaneous	  junctions	  of	  the	  lips	  (64%),	  conjunctiva	  (50%),	  or	  pouch	  or	  inguinal	  region	  (26%).	  Despite	  being	  the	  only	  site	  of	  positive	  immunohistochemical	  and	  electron	  microscopy	  viral	  detection,	  no	  conjunctival	  lesion	  showed	  progression	  to	  invasive	  carcinoma	  and	  few	  showed	  malignant	  transformation	  to	  in	  situ	  disease.	  	  The	  maximum	  lifespan	  of	  a	  western	  barred	  bandicoot	  in	  the	  wild	  is	  4	  years,	  compared	  with	  6	  years	  for	  captive	  animals.	  Papillomatous	  and	  carcinomatous	  disease	  is	  a	  disease	  of	  adult	  animals,	  with	  an	  average	  age	  of	  onset	  of	  3	  years	  and	  2	  months,	  and	  a	  range	  of	  1	  year	  to	  5	  years	  and	  9	  months.	  Consistent	  with	  a	  progressive	  disease	  process,	  malignant	  transformation	  was	  observed	  in	  larger	  lesions.	  Histologically,	  smaller	  (earlier)	  lesions	  were	  described	  as	  papillomatous	  hyperplasia	  and	  larger	  (older)	  lesions	  as	  carcinoma	  in	  situ	  or	  carcinoma.	  Presumably	  unrelated	  to	  the	  viral	  aetiology	  was	  a	  report	  of	  an	  adenocarcinoma	  of	  the	  pouch	  reported	  in	  one	  western	  barred	  bandicoot.225	  
3.13	  Identification	  of	  additional	  marsupial	  papillomaviruses	  Human	  papillomavirus	  is	  commonly	  present	  on	  healthy	  skin	  in	  humans,	  and	  similarly	  papillomaviruses	  have	  been	  found	  on	  healthy	  skin	  of	  many	  animal	  species.228,229	  A	  comparatively	  recent	  survey	  of	  healthy	  skin	  from	  54	  species	  of	  Australian	  fauna	  (including	  aquatic	  species)	  housed	  in	  various	  nature	  parks	  in	  Queensland,	  Australia,	  identified	  4	  putative	  and	  potentially	  new	  papillomaviruses	  within	  two	  marsupial	  host	  species.230	  These	  included	  three	  papillomaviruses	  from	  different	  individual	  koalas	  (Phascolarctos	  
cinereus)	  –	  10	  of	  72	  (14%)	  animals	  sampled	  were	  positive	  –	  and	  a	  single	  virus	  from	  an	  eastern	  grey	  kangaroo	  (Macropus	  giganteus)	  –	  1	  of	  23	  (4%)	  animals	  positive.	  The	  results	  confirmed	  that	  the	  ubiquity	  of	  cutaneous	  papillomavirus	  across	  mammalian	  species	  extends	  to	  the	  marsupial	  species.	  
3.14	  UV	  exposure	  as	  an	  alternative	  carcinogen	  in	  the	  marsupial	  As	  demonstrated	  in	  humans	  and	  other	  mammals,	  exposure	  to	  ultraviolet	  radiation	  can	  induce	  cutaneous	  neoplasia	  in	  marsupial	  species.	  In	  the	  South	  American	  opossum	  (Monodelphis	  domestica)	  experimental	  exposure	  to	  ultraviolet	  radiation	  was	  associated	  with	  development	  of	  multiple	  hyperplastic	  and	  neoplastic	  skin	  proliferations,	  including	  epithelial	  tumours.231	  Exposure	  of	  the	  shaved	  skin	  of	  the	  dorsum	  to	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ultraviolet	  light	  (280-­‐400nm)	  three	  times	  weekly	  over	  70	  weeks	  was	  associated	  with	  development	  of	  epithelial	  hyperplasia,	  dermal	  fibroplasia	  and	  focal	  dermal	  melanocytic	  proliferations.	  Fifty	  percent	  of	  animals	  developed	  skin	  tumours	  with	  32.5%	  having	  multiple	  tumours.	  Epithelial	  proliferations	  included	  keratoacanthoma,	  a	  basal	  cell	  tumour,	  carcinoma	  in	  situ,	  and	  micro-­‐invasive	  and	  invasive	  SCC.	  
3.15	  Immunohistochemical	  detection	  of	  papillomavirus	  in	  SCC	  	  
Immunohistochemistry	  using	  a	  polyclonal	  anti-­papillomavirus	  antibody	  Indirect	  immunohistochemistry	  to	  identify	  papillomavirus-­‐associated	  epithelial	  proliferations	  has	  been	  performed	  in	  marsupials	  using	  a	  polyclonal	  antibody	  recognising	  conserved	  papillomavirus	  capsid	  antigens.225	  In	  this	  study,	  positive	  nuclear	  immunohistochemical	  staining	  was	  limited	  to	  conjunctival	  specimens	  from	  three	  animals,	  in	  which	  keratinocytes	  showed	  margination	  of	  nuclear	  chromatin	  and	  large	  hyaline	  amphophilic	  inclusions.	  	  
Anti-­p16	  immunohistochemistry	  as	  a	  marker	  of	  papillomavirus-­induced	  disease	  Following	  findings	  in	  humans	  and	  earlier	  feline	  studies	  confirming	  an	  association	  between	  the	  papillomavirus	  presence	  and	  multicentric	  SCC	  in	  situ,	  sequencing	  of	  six	  amplicons	  identified	  a	  novel	  unreported	  papillomavirus	  in	  feline	  specimens	  of	  this	  disease.232	  Subsequent	  amplification	  of	  papillomaviral	  DNA	  sequences	  from	  a	  high	  proportion	  of	  feline	  invasive	  SCC	  cases	  also	  showed	  an	  association	  of	  papillomavirus	  with	  invasive	  disease.233	  Furthermore,	  the	  detection	  of	  similar	  sequences	  from	  three	  non-­‐SCC	  feline	  samples	  suggested	  asymptomatic	  papillomaviral	  infection	  also	  occurred	  in	  older	  animals.	  This	  was	  supported	  by	  detection	  of	  three	  different	  papillomavirus	  sequences	  (Felis	  domesticus	  PV	  type	  1	  [FdPV-­‐1],	  FdPV-­‐JM,	  FdPV-­‐MY)	  from	  lesional	  (non-­‐ulcerated	  facial	  plaques)	  and	  non-­‐lesional	  skin	  swabs	  in	  a	  3-­‐year-­‐old,	  feline	  immunodeficiency	  virus	  (FIV)-­‐positive	  cat.234	  	  Munday	  et	  al.	  have	  shown	  that	  immunohistochemistry	  with	  an	  anti-­‐p16	  antibody	  can	  be	  used	  as	  a	  marker	  for	  viral	  presence	  in	  feline	  disease,	  as	  had	  been	  demonstrated	  in	  human	  disease.235-­‐237	  One	  of	  the	  oncogenic	  mechanisms	  of	  papillomaviruses	  is	  the	  ability	  to	  degrade	  the	  retinoblastoma	  protein,	  thereby	  disrupting	  its	  functioning	  and	  interfering	  with	  control	  of	  the	  cell	  cycle.	  238	  The	  abnormal	  retinoblastoma	  also	  contributes	  to	  the	  accumulation	  of	  the	  p16CDKN2A	  (p16)	  protein.239	  Coinciding	  with	  consistent	  papillomavirus	  DNA	  amplification,	  increased	  p16	  immunoreactivity	  has	  been	  identified	  in	  feline	  viral	  plaques,	  SCC	  in	  situ	  and	  non-­‐solar-­‐induced	  invasive	  SCC.235,236,240	  Therefore,	  in	  felines	  as	  in	  humans,	  increased	  p16	  immunoreactivity	  has	  been	  used	  as	  a	  marker	  for	  papillomavirus	  presence	  in	  association	  with	  SCC.	  The	  recent	  finding	  of	  intense	  immunohistochemical	  staining	  with	  an	  antibody	  targeting	  p16	  in	  63%	  of	  feline	  nasal	  planum	  SCCs,	  a	  site	  traditionally	  associated	  with	  solar-­‐induced	  disease,	  supported	  previous	  suggestions	  that	  papillomaviruses	  may	  also	  contribute	  to	  the	  UV	  radiation-­‐associated	  disease.240	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3.2	  INTRODUCTION	  
Consistent	  with	  previously	  cited	  studies,	  the	  review	  of	  pathology	  from	  the	  captive-­‐bred	  colony	  of	  S.	  
crassicaudata	  and	  S.	  macroura	  at	  the	  University	  of	  Sydney	  highlighted	  a	  high	  prevalence	  of	  disorders	  of	  growth.	  Of	  the	  malignancies	  identified,	  50%	  were	  diagnosed	  as	  squamous	  cell	  carcinoma	  (SCC)	  occurring	  on	  the	  face	  (rostral	  mandible),	  pouch,	  distal	  limb,	  or	  tail.	  The	  majority	  (5/6)	  of	  these	  tumours	  occurred	  in	  
S.	  macroura.	  While	  displaying	  an	  invasive	  growth	  habit	  by	  definition,	  proliferations	  were	  also	  associated	  with	  adjacent	  foci	  of	  squamous	  hyperplasia	  and	  exophytic	  papillomatous	  growth.	  The	  location,	  and	  gross	  and	  histological	  features	  observed	  in	  these	  tumours	  showed	  similarity	  to	  reports	  of	  carcinomatous	  and	  papillomatous	  proliferations	  in	  other	  marsupial	  species.	  This	  was	  especially	  so	  for	  the	  lesions	  recently	  identified	  in	  the	  western	  barred	  bandicoot,	  in	  which	  a	  novel	  viral	  agent	  of	  disease	  has	  been	  identified.	  For	  these	  reasons	  it	  was	  hypothesised	  that	  a	  viral	  aetiology	  may	  also	  be	  responsible	  for	  the	  tumours	  occurring	  within	  the	  captive-­‐bred	  colony	  of	  dunnarts.	  Supportive	  of	  this	  hypothesis	  was	  the	  pouch	  location	  of	  two	  tumours	  and	  the	  nocturnal	  nature	  of	  dasyurid	  species,	  both	  likely	  to	  have	  minimised	  site	  exposure	  to	  ultraviolet	  radiation,	  which	  is	  another	  demonstrated	  carcinogen	  for	  such	  tumours	  in	  marsupials.	  	  
3.3	  HYPOTHESIS	  AND	  AIMS	  
It	  is	  hypothesised	  that	  the	  carcinomatous	  proliferations	  observed	  in	  the	  captive	  bred	  colony	  of	  S.	  
crassicaudata	  and	  S.	  macroura	  at	  the	  University	  of	  Sydney	  are	  associated	  with	  papillomavirus	  infection.	  	  To	  assess	  this	  hypothesis	  immunohistochemistry	  will	  be	  performed	  on	  available	  formalin	  fixed	  and	  paraffin	  embedded	  tissue	  specimens	  using	  multiple	  antibodies	  targeting	  papillomavirus	  and	  the	  p16	  protein.	  	  
3.4	  MATERIALS	  AND	  METHODS	  
3.41	  Study	  population	  The	  initial	  collection	  and	  preparation	  of	  animal	  and	  tissue	  samples	  are	  discussed	  in	  Chapter	  One.	  In	  summary,	  from	  June	  2011	  until	  October	  2013	  this	  study	  aimed	  to	  collect,	  process	  and	  catalogue	  any	  cadaver	  or	  tissue	  sample	  that	  became	  available	  from	  the	  colony	  as	  a	  result	  of	  death,	  morbidity	  necessitating	  euthanasia,	  or	  sacrifice	  as	  part	  of	  another	  study.	  Following	  a	  minimum	  of	  48	  hours	  fixation	  tissues	  underwent	  routine	  selection,	  processing	  and	  wax	  embedding.	  Serial	  sections	  of	  4µm	  were	  cut	  onto	  glass	  slides	  and	  routinely	  de-­‐waxed	  and	  rehydrated,	  stained	  with	  haematoxylin	  and	  eosin,	  and	  cover	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slipped	  with	  DPX	  adhesive.	  Additional	  sections	  were	  stained	  with	  specific	  stains	  as	  necessary,	  including	  Gram	  twort,	  periodic	  acid-­‐Schiff,	  toluidine	  blue,	  Warthin-­‐Starry,	  and	  Ziehl–Neelsen	  stains.	  On	  the	  basis	  of	  an	  initial	  diagnosis	  of	  SCC,	  specimens	  from	  six	  animals	  were	  selected	  for	  further	  immunohistochemical	  staining	  to	  detect	  papillomavirus	  or	  increased	  p16	  protein.	  Five	  of	  the	  six	  cases	  underwent	  immunohistochemical	  staining	  with	  two	  anti-­‐papillomavirus	  antibodies.	  The	  case	  not	  stained	  was	  a	  12-­‐month-­‐old	  S.	  macroura	  diagnosed	  with	  chronic	  severe	  multicentric	  suppurative	  to	  pyogranulomatous	  disease,	  including	  cellulitis	  of	  the	  tail,	  in	  addition	  to	  the	  diagnosis	  of	  SCC	  of	  the	  tail.	  Given	  the	  severity	  of	  the	  additional	  inflammatory	  process	  some	  diagnostic	  uncertainty	  existed	  regarding	  the	  underlying	  SCC,	  hence	  the	  preferential	  staining	  of	  the	  remaining	  five	  cases.	  All	  cases	  were	  however	  stained	  with	  the	  anti-­‐p16	  antibody	  on	  the	  basis	  of	  a	  greater	  quantity	  of	  available	  antibody.	  	  
3.42	  Sample	  processing	  and	  evaluation	  
Indirect	  immunohistochemistry	  using	  two	  polyclonal	  anti-­papillomavirus	  antibodies	  The	  immunohistochemical	  staining	  protocol	  for	  papillomavirus	  has	  been	  previously	  described	  by	  Woolford	  et	  al.225	  From	  the	  existing	  paraffin	  blocks	  5µm	  paraffin	  sections	  were	  cut	  and	  underwent	  routine	  xylene	  deparaffinisation	  and	  rehydration.	  Antigen	  retrieval	  involved	  microwaving	  (model	  not	  specified)	  sections	  in	  a	  pH	  9	  Tris-­‐EDTA-­‐sucrose	  (TES)	  buffer	  solution	  –	  twice	  on	  the	  reheat	  setting	  and	  twice	  on	  the	  low	  setting,	  with	  each	  cycle	  lasting	  4	  minutes.	  The	  sections	  were	  then	  cooled	  by	  the	  gradual	  addition	  of	  de-­‐ionized	  water.	  Endogenous	  peroxidase	  blocking	  was	  achieved	  with	  3%	  hydrogen	  peroxide	  for	  applied	  5	  minutes.	  Sections	  were	  then	  washed	  with	  distilled	  water	  followed	  by	  a	  pH	  7.8	  Tris/HCl-­‐buffered	  washing	  solution.	  Sections	  were	  treated	  with	  a	  serum-­‐free	  protein	  block	  (Dako	  Corp.,	  X0909)	  for	  10	  minutes,	  which	  was	  poured	  from	  the	  slides	  without	  washing,	  prior	  to	  primary	  antibody	  incubation.	  	  Serial	  sections	  from	  each	  case	  were	  stained	  with	  two	  different	  primary	  antibodies.	  The	  first	  was	  a	  polyclonal	  antibody	  recognising	  conserved	  papillomavirus	  capsid	  antigens	  (rabbit	  anti-­‐bovine	  papillomavirus	  [BPV-­‐1],	  B0580,	  Dako	  Corporation,	  Carpinteria,	  CA),	  diluted	  1:600	  with	  Dako	  or	  Chemicon	  (Temecula,	  CA)	  antibody	  diluent	  and	  applied	  for	  10	  minutes.	  Sections	  from	  a	  known	  papillomavirus-­‐infected	  canine	  oral	  papilloma	  were	  used	  as	  a	  positive	  control.	  The	  primary	  antibody	  was	  omitted	  from	  the	  negative	  control	  slides,	  which	  remained	  in	  the	  protein	  block.	  Serial	  sections	  were	  also	  stained	  with	  a	  second	  primary	  anti-­‐papillomavirus	  antibody	  (a	  mixture	  of	  CAMVIR	  1	  and	  a	  monoclonal	  anti-­‐BPV1	  L1,	  of	  undefined	  epitope	  specificity;	  proprietary	  details	  not	  specified).	  Following	  primary	  antibody	  incubation	  slides	  were	  again	  washed	  in	  pH	  7.8	  Tris/HCl-­‐buffered	  washing	  solution,	  then	  treated	  with	  an	  appropriate	  secondary	  antibody	  (Envision+,	  K4003/5003,	  Dako	  Corp.)	  for	  30	  minutes,	  and	  finally	  treated	  with	  two	  3.5	  minute	  changes	  of	  a	  DAB+ substrate-­‐chromogen	  system	  (K3468,	  Dako	  Corp.)	  Labeled	  slides	  were	  examined	  by	  Dr	  Mark	  Bennett	  from	  Murdoch	  University,	  Perth,	  Western	  Australia,	  and	  reviewed	  by	  the	  author.	  After	  immunohistochemical	  staining	  the	  slides	  were	  counterstained	  with	  Harris’s	  haematoxylin,	  dehydrated,	  cleared	  and	  mounted	  with	  a	  cover-­‐slip	  using	  DPX.	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Immunohistochemistry	  using	  an	  anti-­p16	  antibody	  The	  immunohistochemical	  staining	  protocol	  for	  p16	  previously	  described	  in	  feline	  species	  was	  adapted	  for	  use	  in	  the	  VPDS	  laboratory.236,241	  This	  marker	  was	  applied	  to	  all	  SCC	  samples	  from	  the	  dunnart	  colony.	  	  From	  the	  initial	  paraffin	  blocks,	  serial	  sections	  of	  4µm	  were	  cut	  on	  to	  adhesive-­‐coated	  microscope	  slides	  (HD	  41800	  1P0,	  HD	  Scientific	  Supplies	  Pty	  Ltd,	  Australia)	  and	  incubated	  at	  58oC	  for	  24	  hours	  to	  maximize	  specimen	  drying	  and	  slide	  adhesion.	  Xylene-­‐based	  deparaffinisation	  (100%,	  4	  minutes,	  two	  changes)	  was	  followed	  by	  hydration	  in	  decreasing	  alcohol	  concentrations	  (100%,	  3	  minutes,	  95%	  and	  70%,	  10	  seconds	  each,	  two	  changes	  of	  all)	  then	  resting	  in	  a	  water	  bath.	  Heat	  Induced	  Epitope	  Retrieval	  was	  achieved	  by	  slide	  immersion	  in	  a	  standardised	  volume	  of	  pH	  9	  Target	  Retrieval	  Solution	  (Dako,	  S2367)	  and	  heating	  at	  maximum	  power	  in	  a	  Sanyo	  1100W	  microwave	  oven	  (EM-­‐S8588V)	  for	  13	  minutes	  (for	  a	  total	  boiling	  time	  of	  5	  minutes).	  Slides	  were	  then	  cooled	  to	  room	  temperature	  over	  a	  minimum	  of	  40	  minutes.	  Sections	  were	  stained	  using	  the	  DakoCytomation	  Autostainer	  and	  all	  incubations	  following	  antigen	  retrieval	  were	  performed	  at	  room	  temperature.	  Sections	  were	  rinsed	  between	  incubations	  with	  tris-­‐buffered	  saline	  containing	  Tween20.	  Blocking	  of	  endogenous	  peroxidase	  activity	  was	  achieved	  using	  3%	  H2O2	  for	  15	  minutes.	  Slides	  were	  then	  incubated	  for	  60	  minutes	  with	  the	  primary	  antibody	  -­‐	  a	  mouse	  anti-­‐human	  p16	  monoclonal	  antibody	  (BD	  Biosciences,	  San	  Jose,	  CA).	  Negative	  control	  sections	  were	  incubated	  with	  mouse	  IgG1.	  An	  anti-­‐p16	  positively	  staining	  feline	  SCC	  specimen	  was	  used	  a	  positive	  control.	  Detection	  of	  antigen-­‐antibody	  binding	  was	  achieved	  using	  a	  mouse	  secondary	  antibody	  (Dako	  REAL	  EnVision	  Detection	  System,	  Peroxidase/DAB+,	  Mouse,	  K4007)	  incubated	  for	  30	  minutes,	  and	  diaminobenzidine	  chromogen	  staining	  for	  5	  minutes	  (Dako	  Liquid	  DAB	  Substrate	  Chromogen	  System,	  K3466).	  Slides	  were	  then	  returned	  to	  the	  water	  bath	  for	  5	  minutes,	  before	  being	  counterstained	  (Whitlock’s	  haematoxylin,	  40	  seconds;	  Scott’s	  blueing	  reagent,	  2	  minutes)	  and	  routinely	  dehydrated	  in	  solutions	  of	  increasing	  alcohol	  concentration	  (70%,	  95%	  and	  100%	  for	  10	  seconds,	  two	  changes	  of	  each,	  and	  50:50	  alcohol:xylene,	  30	  seconds)	  and	  xylene	  (100%,	  4	  minutes,	  four	  changes)	  ready	  for	  cover	  slipping	  with	  DPX.	  	  	  
	   134	  
3.5	  RESULTS	  
3.51	  Study	  population	  Five	  of	  the	  six	  specimens	  of	  SCC	  identified	  in	  the	  database	  of	  pathology	  from	  the	  colony	  were	  selected	  for	  immunohistochemical	  staining	  with	  the	  anti-­‐papillomavirus	  antibodies.	  All	  cases	  were	  also	  stained	  with	  the	  anti-­‐p16	  antibody.	  Details	  for	  all	  animals	  diagnosed	  with	  an	  SCC	  are	  summarised	  in	  Table	  3.1.	  Summarising	  results	  from	  the	  database,	  of	  the	  28.3%	  of	  animals	  diagnosed	  with	  a	  disorder	  of	  growth	  (n=15),	  80.0%	  were	  diagnosed	  with	  a	  malignancy	  (n=12),	  and	  50%	  of	  these	  with	  invasive	  SCC	  (n=6).	  Lesions	  were	  seen	  on	  the	  face	  (rostral	  mandible)	  (2),	  pouch	  (2),	  distal	  limb	  (1),	  and	  tail	  (1).	  83.3%	  (5/6)	  of	  these	  tumours	  were	  diagnosed	  in	  S.	  macroura.	  	  	  
Table 3.1. Signalment, tumour location and immunohistochemical staining of SCC  
No. IHC Species Sex Age (years) Tumour location  
3 PV, p16 SM F - Distal limb – dorsal surface left hind foot 
5 PV, p16 SM F 3.3 Face – rostral mandible 
7 PV, p16 SM F 2.2 Pouch 
31 PV, p16 SM F 2.7 Face – rostral mandible 
54 PV, p16 SC F - Pouch 32	   p16 SM	   M	   1.0	   Tail - multicentric	  
PV=papillomavirus; SM=S. macroura; SC=S. crassicaudata. 
3.52	  Gross	  and	  microscopic	  descriptions	  Grossly,	  excluding	  animal	  32	  (S.	  macroura),	  lesions	  were	  solitary	  with	  some	  variation	  in	  size	  and	  appearance	  based	  on	  location.	  However,	  histologically	  additional	  adjacent	  pseudoepitheliomatous	  hyperplasia	  and	  acanthosis	  were	  evident.	  	  Animal	  3,	  a	  female	  S.	  macroura	  developed	  an	  alopecic	  and	  multifocally	  ulcerated	  nodular	  mass	  on	  the	  dorsal	  surface	  of	  the	  left	  hind	  foot,	  approx.	  12mm	  long	  and	  7mm	  diameter	  (Figure	  3.1a).	  Two	  adult	  female	  
S.	  macroura	  developed	  masses	  involving	  the	  rostral	  mandible.	  The	  first	  of	  these	  masses	  (animal	  5)	  was	  irregular,	  pink	  to	  fleshy,	  ulcerated,	  and	  approximately	  7mm	  diameter	  (Figure	  3.1b).	  It	  contributed	  to	  regional	  tooth	  loss	  and	  considerable	  debilitation	  through	  mechanical	  interference	  with	  prehension,	  mastication	  and	  grooming.	  The	  second	  mass	  (animal	  31)	  was	  a	  more	  diffuse	  dorsal	  and	  ventral	  swelling	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contributing	  to	  marked	  disfigurement	  of	  the	  rostral	  mandible,	  approximately	  11mm	  diameter	  (Figure	  3.1c).	  Two	  animals	  also	  developed	  SCC	  of	  the	  pouch,	  one	  S.	  crassicaudata	  and	  one	  S.	  macroura.	  The	  former	  case	  was	  the	  only	  SCC	  diagnosed	  in	  an	  S.	  crassicaudata,	  and	  the	  tumour	  was	  notable	  for	  a	  verrucous	  growth	  pattern	  not	  as	  apparent	  in	  the	  tumours	  seen	  in	  S.	  macroura.	  Grossly,	  this	  lesion	  was	  a	  single	  sessile	  to	  slightly	  pedunculated,	  firm,	  white	  and	  patchy	  red,	  11mm	  diameter	  mass	  with	  a	  partially	  crusted	  and	  irregular	  ventral	  surface,	  attaching	  to	  the	  left	  dorsolateral	  pouch	  wall	  and	  distending	  the	  pouch	  (Figure	  3.1e,f).	  	  The	  final	  diagnosis	  of	  SCC	  was	  made	  from	  lesions	  of	  the	  tail	  in	  a	  one-­‐year-­‐old	  female	  S.	  crassicaudata	  (animal	  32).	  Grossly,	  multiple	  lesions	  were	  present	  for	  a	  minimum	  of	  2	  months	  and	  were	  non-­‐responsive	  to	  routine	  antimicrobial	  (minimum	  7-­‐day	  in-­‐food	  administration	  oxytetracycline	  hydrochloride	  10g/kg	  [Oxymav	  B®,	  MavLab])	  and	  topical	  therapy	  (daily	  administration	  of	  Manuka	  honey).	  They	  appeared	  as	  numerous,	  random	  (estimated	  20-­‐40),	  multifocal	  to	  coalescing,	  1-­‐3mm	  crusted	  plaques,	  pustules	  or	  foci	  of	  cream-­‐red	  exudative	  ulceration,	  and	  occasional	  larger	  areas	  (5-­‐7mm)	  of	  irregular,	  smooth-­‐surfaced	  and	  alopecic	  tissue	  swelling	  –	  the	  latter	  consistent	  with	  healing	  of	  previous	  ulcerative	  lesions.	  Lesions	  involved	  the	  proximal	  four-­‐fifths	  of	  the	  tail	  and	  were	  most	  notable	  on	  the	  dorsolateral	  surfaces	  (Figure	  3.1d).	  At	  post	  mortem	  examination	  this	  animal	  also	  displayed	  marked	  bilateral	  inguinal	  lymphadenomegaly	  (left	  9mm	  x4mm	  diameter;	  right	  12mm	  x	  12mm	  diameter	  –	  at	  least	  double	  the	  expected	  size),	  multifocal	  pulmonary	  nodules	  (discrete,	  firm	  and	  white;	  7x5mm	  in	  the	  right	  caudal	  lobe	  and	  multiple	  1-­‐2mm	  masses	  in	  the	  right	  cranial	  lobe),	  marked	  diffuse	  splenomegaly	  (congestion),	  and	  1-­‐2mm	  multifocal	  pallor	  of	  the	  myocardium.	  The	  clinical	  behaviour	  and	  gross	  appearance	  of	  lesions	  suggested	  a	  multifocal	  inflammatory	  process	  most	  likely	  to	  have	  an	  infectious	  aetiology.	  Histological	  examination	  confirmed	  severe	  multicentric	  suppurative	  and	  pyogranulomatous	  disease	  and	  the	  presence	  of	  large	  numbers	  Gram-­‐positive	  coccoid	  bacteria	  (botryomycosis).	  In	  addition,	  changes	  consistent	  with	  SCC	  of	  the	  tail	  were	  observed,	  including	  disruption	  of	  local	  architecture	  by	  invasive	  cords	  of	  pleomorphic	  squamous	  epithelial	  cells	  approaching	  the	  caudal	  vertebrae.	  Culturing	  of	  specimens	  collected	  at	  post	  mortem	  isolated	  Neisseria	  
animaloris,	  as	  discussed	  in	  Chapter	  One.	  Histological	  features	  of	  the	  remaining	  four	  SCC	  lesions	  in	  S.	  macroura	  resembled	  those	  described	  in	  other	  species.	  Typically	  sections	  showed	  non-­‐encapsulated,	  poorly	  defined	  and	  focally	  extensive	  dermal	  or	  submucosal	  invasion	  by	  a	  population	  of	  squamous	  cells	  displaying	  mild	  through	  to	  marked	  pleomorphism	  and	  anisokaryosis.	  Proliferating	  cells	  were	  typically	  polygonal,	  closely	  apposed	  with	  indistinct	  margins	  and	  occasional	  evidence	  of	  intercellular	  bridging;	  nuclei	  were	  round	  to	  ovoid,	  central	  and	  coarsely	  stippled,	  or	  large	  and	  vesiculate	  with	  prominent	  nucleolation;	  cytoplasm	  was	  frequently	  abundant,	  pale	  and	  basophilic	  to	  multifocally	  strongly	  eosinophilic	  (keratinizing).	  Proliferating	  cells	  formed	  irregular,	  invasive,	  arborising	  cords,	  islands	  and	  small	  aggregates	  of	  2-­‐4	  cells	  escaping	  beyond	  the	  confines	  a	  basement	  membrane	  and	  surrounded	  by	  inflammatory	  infiltrates	  (described	  below).	  Mitoses	  were	  frequent	  (generally	  10-­‐12/10HPF	  and	  up	  to	  4	  mitoses	  in	  an	  occasional	  single	  HPF)	  with	  frequent	  abnormal	  forms.	  	  The	  cutaneous	  tumours,	  typified	  by	  that	  of	  the	  distal	  limb	  lesion	  in	  animal	  3,	  showed	  moderate	  dyskeratosis,	  formation	  of	  keratin	  ‘pearls’	  and	  significant	  scirrhous	  host	  response	  (Figure	  3.2a,b).	  
	   136	  
Keratinisation	  was	  not	  a	  feature	  of	  one	  of	  the	  oral	  tumours	  of	  the	  rostral	  mandible,	  suggesting	  a	  possible	  mucosal	  origin.	  Both	  of	  the	  mandibular	  tumours	  showed	  extensive	  ulceration	  and	  invasive	  growth	  into	  facial	  bones	  and	  cartilage,	  with	  muscular	  and	  perineural	  invasion	  also	  present	  in	  one	  tumour	  (Figures	  3.2c	  and	  3.3a-­‐c).	  Adjacent	  the	  oral	  tumours	  the	  mucosal	  epithelium	  showed	  variable,	  often	  marked,	  hyperplasia	  and	  ballooning	  degeneration	  with	  a	  focal	  increased	  prominence	  of	  the	  granular	  layer.	  	  Adjacent	  foci	  of	  invasive	  SCC	  diagnosed	  in	  the	  pouch	  of	  two	  animals	  additional	  changes	  observed	  included	  progressively	  more	  severe	  pseudoepitheliomatous	  hyperplasia	  and	  exophytic	  papillomatous	  proliferation	  with	  epithelial	  dysplasia,	  dyskeratosis,	  spongiosis,	  and	  hyperkeratosis	  with	  prominent	  irregular	  rete	  ridge	  formation.	  Sebaceous	  glandular	  hyperplasia	  was	  also	  present,	  In	  the	  smaller	  of	  the	  two	  pouch	  masses,	  seen	  in	  an	  S.	  crassicaudata,	  growth	  was	  exophytic	  as	  well	  as	  invasive	  into	  deeper	  tissues	  (Figure	  3.2d).	  The	  larger	  pouch	  mass,	  the	  only	  SCC	  diagnosed	  in	  S.	  crassicaudata,	  showed	  extensive	  papillary	  surface	  projections	  resting	  on	  thin	  fibrovascular	  stromal	  projections	  and	  contributing	  to	  the	  verrucous	  surface	  contour	  (Figure	  3.2e).	  Parakeratotic	  hyperkeratosis	  was	  marked.	  Endophytic	  invasion	  of	  arborising	  cords	  and	  islands	  of	  pleomorphic	  squamous	  cells	  showing	  abrupt	  keratinisation	  was	  also	  evident	  adjacent	  deeper	  modified	  apocrine	  glandular	  structures	  of	  the	  pouch	  (Figure	  3.2f).	  Intranuclear	  or	  intracytoplasmic	  elements	  suggestive	  of	  viral	  inclusion	  bodies	  were	  not	  observed	  in	  any	  of	  the	  specimens,	  nor	  were	  cytopathic	  features	  such	  as	  koilocytosis,	  cytomegaly,	  or	  an	  increased	  prominence	  of	  densely	  clumped	  keratohyalin	  granules,that	  may	  have	  added	  additional	  support	  to	  a	  possible	  viral	  causation.	  Marked	  inflammation,	  sometimes	  with	  the	  presence	  of	  large	  bacterial	  colonies	  was	  a	  feature	  of	  most	  tumours.	  This	  was	  markedly	  neutrophilic	  with	  fewer	  mononuclear	  cells	  (lymphocytes,	  plasma	  cells,	  mast	  cells,	  histiocytes)	  in	  the	  tumour	  of	  the	  foot,	  the	  ulcerated	  tumours	  of	  the	  rostral	  mandible	  and	  in	  tumours	  of	  the	  pouch.	  Focally,	  inflammation	  was	  also	  predominantly	  plasmacytic	  or	  lymphocytic,	  for	  instance	  where	  tumour	  invaded	  glandular	  tissue	  of	  the	  pouch.	  As	  discussed,	  inflammation	  associated	  with	  the	  tumour	  of	  the	  tail	  was	  also	  markedly	  suppurative	  and	  pyogranulomatous.	  In	  this	  case	  bacteria	  presented	  as	  large,	  multifocal	  club	  colonies	  composed	  of	  Gram-­‐positive	  cocci	  surrounded	  by	  deposition	  of	  amorphous	  hyaline	  eosinophilic	  material,	  in	  turn	  surrounded	  by	  neutrophilic	  infiltration	  with	  cells	  radiating	  outwards	  from	  the	  central	  bacterial	  colonies	  (botryomycosis).	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Figure 3.1. Gross appearance of carcinomatous lesions in animals from the captive-bred colony. 
(a) Animal 3, an adult female S. macroura – dorsal surface of the left hind foot; (b) Animal 5, a 3.3-year-old female S. macroura – irregular, 
pink, fleshy mass involving the mucocutaneous junction and oral mucosa of the rostral mandible; (c) Animal 31, a 2.7-year-old female S. 
macroura – diffuse dorsal and ventral swelling of the rostral mandible; (d) Animal 32, a 1-year-old male S. macroura – multifocal to 
coalescing lesions on the dorsolateral aspect of the proximal four-fifths of the tail; and, (e, f) Animal 54, an adult female S. crassicaudata – 
a single sessile to pedunculated mass attached to the dorsolateral pouch wall.   
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Figure 3.2. Microscopic appearance of carcinomatous lesions from the captive-bred colony. 
(a) SCC from the distal limb of animal 3 showing infiltrative cords and islands of proliferating cells (!) surrounded by significant scirrhous 
response and multifocal inflammatory cell infiltration (*). H&E x100; (b) Higher magnification from the same lesion showing thin bands of 
scirrhous response adjacent an invasive cord of tumour (!), and an intense focus of neutrophilic infiltration (*). H&E x400; (c) Tumour 
invasion of the rostral mandible in animal 5 contributed to significant bone lysis and tooth loss. Tumour is seen surrounding spicules of 
remnant bone (!). H&E x100; (d) The SCC in the pouch of animal 7 showing progressive from marked epithelial hyperplasia with 
prominent rete pegs (*) to invasive SCC (!). H&E x40; (e) Low magnification of the verrucous SCC of the pouch in animal 54 showing a 
multifocal papillary surface contour (!) and marked parakeratotic hyperkeratosis (*). H&E x40; (f) At higher magnification endophytic 
growth in the same tumour is seen as arborising cords and islands of epithelial cells invading between modified apocrine glands (*). Note 
the frequent mitotic figures (^) H&E x400. 
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Figure 3.3. Microscopic appearance and labelling of a rostral mandibular SCC in animal 31. 
Samples are from a 2.7-year-old female S. macroura. (a) Marked mucosal hyperplasia (*) progressing to extensive invasion and 
destruction of deeper bony and dental structures (!). H&E x40; (b) At higher magnification tumour (!) surrounds a nerve (*) and invades 
the adjacent bone (^). H&E x200; (c) Cords of tumour cells (!) also show extensive invasion of facial muscles, surround remnant 
myocytes (^). H&E x200; (d) An adjacent focus of mucosal hyperplasia showing increased prominence of the granular layer (arrowhead) 
and shown at higher magnification in the following two images (Note: non-serial sectioning). H&E x100; (e) A single region of hyperplastic 
epithelium containing prominent keratohyalin granules (*) showed weak nuclear labelling with one of the anti-papillomavirus antibodies 
(!). Polyclonal rabbit anti-bovine BPV-1, B0580, Dako Corporation, and haematoxylin counterstain x200; (f) comparison of the same 
tissue from the negative control specimen. Haematoxylin counterstain x200.  
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3.53	  Immunohistochemical	  labelling	  Labelling	  with	  both	  of	  the	  papillomavirus	  markers	  was	  assessed	  as	  negative	  in	  all	  dunnart	  specimens	  stained.	  A	  single	  focus	  of	  faint	  nuclear	  staining	  with	  the	  first	  of	  the	  described	  antibodies	  was	  seen	  in	  a	  single	  section	  from	  animal	  31,	  the	  2.7-­‐year-­‐old	  female	  S.	  macroura	  with	  SCC	  of	  the	  rostral	  mandible	  (Figure	  3.3).	  This	  area	  was	  closely	  reviewed	  as	  it	  coincided	  with	  an	  area	  of	  marked	  epithelial	  hyperplasia	  and	  increased	  prominence	  of	  the	  granular	  layer.	  Similar	  staining	  was	  not	  evident	  in	  the	  negative	  control	  specimen.	  An	  increase	  in	  non-­‐specific	  edge	  staining	  in	  this	  area	  of	  the	  test	  slide	  was	  noted	  however,	  and	  combined	  with	  the	  weak	  intensity	  of	  the	  suspect	  nuclear	  staining	  contributed	  to	  an	  assessment	  of	  non-­‐specific	  staining	  and	  a	  negative	  result.	  Appropriate	  staining	  was	  observed	  in	  the	  positive	  and	  negative	  control	  sections.	  	  Staining	  with	  the	  p16	  marker	  was	  also	  negative	  in	  all	  specimens,	  including	  the	  focus	  of	  hyperplasia	  showing	  weak	  nuclear	  staining	  with	  the	  anti-­‐papilloma	  antibody	  (Figure	  3.3f).	  Appropriate	  staining	  was	  observed	  in	  the	  positive	  and	  negative	  control	  sections.	  	  
3.6	  DISCUSSION	  
This	  report	  investigated	  the	  possibility	  of	  a	  viral	  aetiology	  for	  SCC	  disease	  identified	  in	  aging	  dunnarts	  from	  captive	  bred	  colony	  of	  S.	  crassicaudata	  and	  S.	  macroura	  maintained	  at	  the	  University	  of	  Sydney.	  Consideration	  of	  a	  viral	  cause	  for	  this	  disease	  was	  prompted	  by	  the	  relatively	  high	  prevalence	  of	  such	  tumours	  within	  the	  colony,	  tumour	  location,	  and	  the	  exophytic	  verrucous	  nature	  of	  one	  tumour	  in	  particular.	  This	  was	  of	  additional	  relevance	  given	  the	  discovery	  of	  novel	  papillomaviruses	  associated	  with	  SCC	  in	  other	  marsupial	  species,	  such	  as	  the	  western	  barred	  bandicoot.225	  Disease	  in	  that	  species	  included	  tumours	  on	  the	  limb	  (digits),	  face	  (mucocutaneous	  junctions	  of	  the	  lips)	  and	  pouch,	  as	  was	  observed	  in	  the	  dunnart	  colony.	  Seemingly	  inconsistent	  with	  a	  viral	  aetiology	  was	  the	  finding	  that	  lesions	  in	  the	  dunnarts	  were	  generally	  solitary,	  in	  contrast	  to	  the	  frequently	  (86.6%)	  multicentric	  nature	  of	  disease	  within	  western	  barred	  bandicoot.	  Earlier	  reports	  also	  described	  multicentric	  disease	  (opossum)	  or	  focal	  disease	  with	  multiple	  lesions	  (brushtail	  possum),	  although	  disease	  in	  quokkas	  was	  frequently	  reported	  to	  be	  solitary.220-­‐222	  	  The	  current	  investigation	  found	  no	  immunohistochemical	  evidence	  for	  papillomavirus	  presence	  in	  SCC	  occurring	  within	  S.	  crassicaudata	  or	  S.	  macroura,	  and	  therefore	  does	  not	  support	  the	  hypothesis	  that	  these	  neoplasms	  are	  virally	  induced.	  However,	  the	  negative	  finding	  cannot	  completely	  eliminate	  a	  viral	  aetiology	  in	  these	  cases	  for	  multiple	  reasons.	  Firstly,	  other	  viruses	  shown	  to	  have	  oncogenic	  potential	  in	  humans	  or	  rodent	  animal	  models,	  especially	  those	  associated	  with	  epithelial	  proliferations	  such	  as	  polyomaviruses,	  herpesviruses	  and	  adenoviruses,	  were	  not	  specifically	  targeted	  with	  immunohistochemical	  staining.242-­‐246	  Secondly,	  the	  site	  of	  two	  tumours	  within	  the	  pouch	  and	  to	  a	  lesser	  degree	  the	  secretive	  and	  nocturnal	  dunnart	  nature,	  suggest	  that	  on	  balance	  UV-­‐induced	  disease	  is	  possible	  but	  unlikely.	  Within	  captivity	  natural	  light	  is	  augmented	  by	  timed	  light	  exposure	  from	  fluorescent	  tubes,	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which	  does	  contain	  a	  component	  within	  the	  UV	  spectrum	  and	  which	  may	  contribute	  to	  a	  comparatively	  small	  increased	  risk	  of	  neoplastic	  skin	  disease	  in	  humans.247,248	  However,	  even	  in	  captivity	  dunnarts	  maintain	  their	  secretive	  nature	  and	  are	  infrequently	  observed	  ‘out’.	  Furthermore,	  cage	  placement	  on	  shelves	  restricts	  direct	  exposure	  to	  artificial	  light	  sources.	  For	  sites	  with	  at	  least	  some	  exposure	  to	  fluorescent	  lighting	  longer-­‐term	  studies	  would	  be	  necessary	  to	  completely	  eliminate	  this	  as	  a	  significant	  carcinogen.	  A	  third	  reason	  for	  not	  excluding	  a	  viral	  aetiology	  for	  observed	  disease	  is	  that	  the	  site	  of	  disease	  may	  determine	  the	  success	  of	  immunohistochemical	  and	  ultrastructural	  viral	  detection,	  as	  shown	  by	  the	  conjunctival	  detection	  in	  the	  report	  by	  Woolford	  et	  al.	  This	  may	  relate	  to	  the	  last,	  and	  perhaps	  most	  important	  reason	  for	  failure	  of	  viral	  detection,	  which	  is	  that	  the	  stage	  of	  disease	  progression	  is	  an	  important	  factor	  in	  the	  ability	  to	  detect	  a	  viral	  agent	  of	  disease.	  Viral	  detection	  using	  immunohistochemical	  methods	  is	  dependent	  on	  active	  replication,	  which	  is	  unlikely	  to	  be	  occurring	  once	  viral	  DNA	  has	  been	  incorporated	  in	  that	  of	  the	  host	  cells.	  In	  the	  case	  of	  the	  western	  barred	  bandicoots	  integration	  of	  viral	  DNA	  into	  the	  host	  genome	  in	  epithelia	  undergoing	  malignant	  transformation	  was	  suggested	  as	  an	  explanation	  for	  negative	  immunohistochemical	  and	  ultrastructural	  findings	  in	  aged	  lesions.225	  In	  humans,	  integration	  of	  viral	  DNA	  into	  the	  host	  genomic	  DNA	  has	  been	  shown	  to	  occur	  in	  malignant	  cervical	  lesions	  associated	  with	  human	  papillomavirus	  infection.249	  All	  lesions	  sampled	  in	  the	  present	  study	  were	  of	  an	  advanced	  nature	  being	  necropsy	  specimens,	  and	  the	  only	  focus	  of	  questionable	  papillomavirus	  staining	  occurred	  in	  an	  area	  of	  mucosal	  epithelial	  hyperplasia	  rather	  than	  neoplasia.	  Sampling	  lesions	  at	  an	  earlier	  stage	  of	  development	  and	  prospective	  collection	  of	  fresh	  lesional	  material	  in	  future	  for	  molecular	  testing	  may	  provide	  a	  higher	  diagnostic	  yield	  with	  regards	  virus	  detection.	  Although	  unlikely	  in	  cases	  in	  the	  present	  study,	  intermittent	  infection	  and	  lack	  of	  expression	  of	  capsid	  antigen	  (L1	  –	  the	  target	  for	  immunohistochemical	  markers)	  in	  early	  lesions	  not	  producing	  infectious	  virus	  may	  also	  have	  contributed	  to	  negative	  immunohistochemical	  findings.	  	  Use	  of	  additional	  diagnostic	  modalities	  such	  as	  electron	  microscopy	  (EM)	  and	  PCR	  may	  increase	  the	  probability	  of	  viral	  detection.	  Successful	  viral	  identification	  using	  EM	  is	  restricted	  for	  the	  same	  reason	  that	  immunohistochemistry	  is;	  that	  is	  incorporation	  of	  viral	  DNA	  contributing	  to	  disease	  but	  an	  absence	  of	  viral	  particles	  associated	  with	  the	  neoplasm.	  Therefore,	  use	  of	  a	  consensus	  primers	  targeting	  conserved	  regions	  and	  likely	  to	  amplify	  different	  papillomavirus	  types	  from	  multiple	  species	  may	  be	  a	  more	  rational	  approach	  to	  further	  investigating	  a	  viral	  aetiology.250	  Furthermore,	  papillomavirus	  has	  now	  been	  detected	  from	  sites	  of	  normal	  skin	  in	  many	  species	  of	  mammal	  and	  marsupial	  suggesting	  a	  commensal	  relationship	  with	  the	  host.	  Attempted	  virus	  detection	  from	  earlier	  lesions	  using	  skin	  and	  mucosal	  swabs	  may	  therefore	  be	  a	  consideration.	  	  Immunohistochemical	  staining	  with	  the	  anti-­‐p16	  antibody	  provided	  a	  readily	  available	  and	  comparatively	  simple	  means	  of	  potentially	  detecting	  papillomavirus-­‐induced	  neoplasia.	  But	  while	  positive	  staining	  with	  anti-­‐p16	  antibody	  has	  been	  demonstrated	  in	  epithelial	  proliferations	  across	  eutherian	  species	  such	  as	  humans	  and	  felines,	  and	  is	  interpreted	  as	  a	  surrogate	  for	  papillomavirus	  infection	  in	  these	  species,	  positive	  staining	  has	  yet	  to	  be	  demonstrated	  in	  a	  metatherian	  mammal.	  In	  addition,	  successful	  p16	  staining	  is	  dependent	  on	  viral	  disruption	  of	  retinoblastoma	  protein	  metabolism,	  a	  mechanism	  not	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necessarily	  associated	  with	  the	  pathogenesis	  of	  all	  papillomaviruses	  across	  all	  host	  species.	  In	  the	  present	  study	  a	  feline	  SCC	  specimen	  was	  used	  as	  a	  positive	  control.	  The	  premises	  for	  using	  p16	  staining	  in	  this	  investigation	  were	  therefore	  that	  p16	  remains	  an	  appropriate	  cellular	  target	  for	  assessment	  of	  papillomaviral	  infection	  in	  marsupials,	  and	  that	  the	  mouse	  anti-­‐human	  p16	  monoclonal	  antibody	  cross	  reacts	  with	  p16	  in	  marsupial	  tissues.	  Further	  studies	  are	  necessary	  to	  prove	  or	  disprove	  these	  assumptions;	  for	  instance	  attempted	  p16	  labelling	  of	  known	  virally	  induced	  lesions	  in	  the	  western	  barred	  bandicoot.	  The	  sites	  of	  lesions	  in	  this	  investigation	  are	  of	  interest	  given	  previous	  reports	  of	  papillomavirus-­‐associated	  disease	  at	  sites	  of	  possible	  trauma	  and	  subsequent	  disruption	  to	  the	  innate	  cutaneous	  or	  mucosal	  barriers.	  This	  includes	  the	  occurrence	  of	  disease	  on	  the	  ventral	  surface	  of	  the	  tail	  in	  a	  brushtail	  possum.222	  In	  a	  captive	  bred	  colony	  occasional	  accidental	  trauma	  to	  the	  distal	  limbs	  is	  reported	  in	  association	  with	  use	  of	  exercise	  wheels.12	  Occasional	  pouch	  trauma	  is	  not	  unexpected	  in	  female	  animals	  of	  breeding	  age,	  and	  trauma	  to	  the	  mouth	  may	  be	  associated	  with	  eating	  or	  fighting	  when	  breeding	  animals	  co-­‐inhabit.	  Periodontal	  disease	  and	  tooth	  loss	  observed	  in	  older	  animals	  from	  this	  colony	  may	  also	  be	  a	  factor	  in	  disruption	  of	  normal	  mucosal	  barrier	  mechanisms.12	  Where	  bacterial	  proliferation	  coexists	  with	  invasive	  SCC	  the	  assumption	  is	  that	  infection	  and	  inflammation	  are	  secondary	  to	  the	  effects	  of	  the	  tumour.	  Equally	  plausible	  in	  the	  case	  of	  virally	  induced	  disease	  is	  that	  the	  infection	  (especially	  botryomycosis)	  predisposed	  to	  SCC,	  or	  that	  the	  two	  occurred	  coincidentally	  due	  to	  an	  underlying	  breach	  in	  host	  epithelial	  defenses.	  	  Significant	  inflammation	  was	  a	  common	  feature	  of	  SCC	  in	  the	  dunnart.	  All	  cases	  showed	  focal	  to	  diffuse	  marked	  neutrophilic	  inflammation,	  with	  additional	  lymphocytic-­‐plasmacytic	  (animal	  54,	  pouch	  mass)	  or	  suppurative	  to	  pyogranulomatous	  (animal	  32,	  tail	  mass)	  inflammation	  also	  observed.	  Presumably	  this	  was	  secondary	  to	  tumour	  disruption	  of	  local	  tissue	  architecture,	  especially	  ulceration	  of	  cutaneous	  and	  mucosal	  surfaces,	  and	  possibly	  to	  production	  of	  antigenic	  substances	  such	  as	  keratin	  by	  tumour	  cells.	  Two	  of	  the	  six	  cases	  in	  this	  study	  (animal	  3,	  foot	  mass	  and	  animal	  54,	  pouch	  mass)	  also	  showed	  the	  presence	  of	  club	  colonies	  containing	  Gram-­‐positive	  cocci	  at	  the	  site	  of	  the	  tumour.	  A	  third	  animal	  (animal	  32,	  tail	  mass)	  showed	  multicentric	  suppurative	  to	  pyogranulomatous	  disease	  in	  tissues	  remote	  from	  the	  tumour	  with	  similar	  organisms,	  presumably	  following	  bacteraemia.	  Secondary	  bacterial	  infection	  therefore	  appears	  to	  be	  a	  substantial	  comorbidity	  and	  contributor	  to	  debilitation	  in	  dunnarts	  with	  SCC.	  It	  may	  also	  be	  a	  contributing	  factor	  to	  the	  marked	  degree	  of	  inflammation	  associated	  with	  invasive	  SCC	  in	  the	  dunnart.	  Substantial	  inflammation	  is	  also	  reported	  as	  a	  feature	  of	  SCC	  in	  other	  marsupial	  species.225	  Furthermore,	  severe	  inflammation	  was	  observed	  in	  other	  neoplasms	  in	  the	  dunnart,	  particularly	  one	  mammary	  carcinoma	  (data	  not	  shown	  -­‐	  refer	  to	  Chapter	  One).	  In	  that	  instance	  the	  severity	  of	  the	  lymphocytic	  infiltration	  was	  such	  that	  consideration	  was	  given	  to	  a	  coincidental	  lymphosarcoma.	  Subsequent	  immunohistochemical	  staining	  with	  T	  and	  B	  cell	  markers	  identified	  a	  mixed	  population	  of	  cells	  more	  consistent	  with	  an	  inflammatory	  infiltrate	  than	  a	  neoplastic	  proliferation.	  	  	  	  Limited	  age	  data	  are	  available	  for	  animals	  developing	  SCC	  in	  the	  present	  study.	  The	  available	  age	  data	  shows	  that	  disease	  can	  be	  seen	  in	  young	  animals	  (1.0	  year),	  but	  is	  more	  commonly	  observed	  in	  older	  adult	  animals	  (2.2-­‐3.2	  years).	  Similarly,	  papillomavirus-­‐associated	  SCC	  has	  been	  reported	  in	  a	  1-­‐year-­‐old	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opossum	  although	  disease	  in	  western	  barred	  bandicoots	  was	  commonly	  observed	  in	  aged	  adult	  animals.221	  	  Broader	  implications	  of	  the	  finding	  of	  SCC	  and	  other	  debilitating	  malignancies	  in	  older	  adult	  animals	  relate	  to	  the	  use	  of	  dunnart	  species	  in	  long-­‐term	  investigations.	  Where	  studies	  require	  data	  on	  long-­‐term	  survival	  the	  potential	  exists	  for	  spontaneously	  occurring	  background	  disease	  to	  negatively	  impact	  study	  outcomes,	  especially	  in	  smaller	  sample	  sizes.	  The	  same	  limitation	  applies	  to	  other	  short-­‐lived	  animal	  model	  species	  and	  emphasizes	  the	  requirement	  for	  a	  detailed	  knowledge	  of	  spontaneous	  disease	  in	  any	  animal	  model.	  The	  present	  study	  showed	  no	  immunohistochemical	  evidence	  of	  papillomavirus	  association	  with	  invasive	  SCC	  in	  the	  dunnart.	  Given	  the	  limitations	  of	  the	  current	  investigation	  discussed	  above	  and	  similarities	  to	  viral	  induced	  disease	  in	  other	  marsupial	  species,	  it	  remains	  possible	  that	  future	  investigations	  using	  electron	  microscopy	  or	  molecular	  studies	  of	  disease	  at	  an	  earlier	  stage	  of	  development	  may	  be	  more	  successful	  in	  proving	  the	  hypothesis.	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GENERAL	  DISCUSSION	  	  
Neosporosis	  is	  a	  disease	  of	  worldwide	  occurrence,	  significant	  economic	  importance	  to	  the	  cattle	  industry,	  and	  one	  now	  identified	  as	  having	  an	  extensive	  host	  range	  that	  includes	  Australian	  native	  marsupials.	  Experimental	  disease	  in	  captive-­‐bred	  S.	  crassicaudata	  identified	  a	  highly	  sensitive	  species,	  and	  one	  showing	  rapid	  and	  prolific	  cyst	  formation	  that	  was	  an	  unexpected	  outcome	  based	  on	  disease	  observations	  in	  the	  eutherian	  mammals.	  This	  study	  provided	  support	  for	  an	  expected	  host	  cellular	  response	  to	  experimental	  neosporosis	  in	  a	  metatherian	  species	  and	  found	  no	  alterations	  compared	  with	  the	  eutherian	  host	  response	  that	  might	  contribute	  to	  cyst	  formation	  in	  S.	  crassicaudata.	  Combined	  with	  observations	  of	  spontaneous	  disease	  from	  the	  same	  colony	  over	  28	  months	  these	  results	  were	  used	  to	  expand	  our	  understanding	  of	  this	  animal	  model	  of	  disease.	  Carcinomatous	  proliferations	  were	  one	  such	  disease	  that	  occurred	  with	  sufficient	  frequency	  to	  warrant	  investigation	  of	  aetiology.	  Contrasting	  with	  disease	  in	  the	  western	  barred	  bandicoot	  and	  some	  other	  marsupials,	  investigations	  excluded	  immunohistochemical	  support	  for	  papillomavirus	  associated	  disease	  in	  the	  current	  specimens	  using	  the	  described	  antibodies.	  	  	  Cyst	  formation	  in	  the	  immunocompetent	  rodent	  models	  is	  low	  by	  comparison	  with	  that	  observed	  in	  the	  dunnart.	  Furthermore,	  disease	  susceptibility	  in	  the	  dunnart	  more	  closely	  resembles	  that	  of	  immunocompromised	  eutherian	  species.	  Host	  differences	  in	  parasite	  life	  stage	  (especially	  the	  tendency	  towards	  cyst	  production),	  parasite	  distribution	  and	  resultant	  pathology	  are	  influenced	  by	  host	  factors	  and	  a	  greater	  understanding	  of	  these	  factors	  is	  the	  first	  step	  to	  controlling	  disease.	  Neosporosis	  in	  the	  dunnart	  is	  characterised	  by	  severe,	  acute	  disseminated	  disease	  with	  variable	  but	  often	  significant	  necrosis	  of	  visceral	  organs,	  a	  tropism	  for	  striated,	  smooth	  and	  cardiac	  muscle,	  and	  a	  relative	  lack	  of	  CNS	  involvement.	  Pathology	  attributable	  to	  neosporosis	  in	  the	  dunnart	  resembles	  in	  part	  that	  previously	  described	  in	  the	  immunosuppressed	  mouse	  models	  of	  disease	  using	  athymic	  nude	  mice	  and	  MPA	  immunosuppressed	  Swiss	  white	  mice.	  This	  included	  severe	  pancreatic	  necrosis	  and	  myositis	  of	  skeletal	  and	  cardiac	  muscle.	  Contrasting	  with	  these	  models	  is	  the	  lack	  of	  neurological	  disease.	  Development	  of	  an	  alternative	  N.	  
caninum	  labelling	  protocol	  has	  identified	  a	  lack	  of	  organisms	  in	  tissue	  sections	  of	  oocyst-­‐inoculated	  animals	  through	  a	  reduction	  of	  non-­‐specific	  staining.	  	  In	  further	  defining	  the	  dunnart	  model	  of	  neosporosis	  host	  pathology	  attributable	  to	  infection	  by	  N.	  
caninum	  was	  first	  reviewed	  and	  the	  host	  cellular	  response	  then	  defined	  using	  immunohistochemical	  techniques	  in	  Chapter	  Two.	  As	  part	  of	  this	  investigation	  this	  study	  has	  documented	  for	  the	  first	  time	  the	  successful	  labelling	  of	  CD4	  positive	  T	  helper	  cells	  in	  a	  dasyurids	  species,	  along	  with	  successful	  labelling	  with	  additional	  antibodies	  previously	  showing	  labelling	  in	  dasyurids	  species.	  The	  extensive	  intracellular	  proliferation	  of	  N.	  caninum	  is	  associated	  with	  little	  host	  cell	  response.	  Inflammation	  is	  correlated	  with	  the	  degree	  of	  cell	  and	  tissue	  necrosis,	  and	  is	  strongly	  neutrophilic	  with	  fewer	  mononuclear	  cells,	  predominantly	  macrophages	  as	  confirmed	  by	  labelling	  of	  cells	  with	  the	  MAC387	  antibody.	  Low	  to	  moderate	  numbers	  of	  lymphocytes	  are	  also	  present	  surrounding	  foci	  of	  necrosis	  and	  neutrophilic	  inflammation.	  These	  are	  generally	  CD3	  positive	  T	  cells	  with	  little	  B	  cell	  involvement.	  Low	  numbers	  of	  CD4	  positive	  T	  helper	  cells	  are	  detected	  in	  these	  areas	  and	  higher	  numbers	  in	  adjacent	  lymph	  nodes,	  although	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the	  presence	  of	  CD8	  positive	  cytotoxic	  T	  cells	  is	  not	  a	  feature.	  Identification	  of	  cell	  types	  corresponds	  to	  those	  expected	  based	  on	  reports	  in	  rodent	  models	  and	  in	  cows.	  	  The	  immunohistochemical	  characterisation	  of	  host	  cellular	  response	  to	  experimental	  inoculation	  in	  these	  animals	  provides	  a	  solid	  starting	  point	  for	  further	  investigation	  of	  host	  contribution	  to	  rapid	  cyst	  formation	  in	  the	  species.	  All	  four	  of	  the	  available	  antibodies	  targeting	  Tasmanian	  devil	  proteins	  showed	  selective	  staining	  of	  cell	  populations	  sufficient	  to	  warrant	  additional	  investigation.	  CD4	  staining	  of	  a	  subset	  of	  CD3	  positive	  cells	  was	  assessed	  as	  appropriate.	  Additional	  staining	  of	  this	  and	  the	  other	  antibodies	  at	  different	  concentrations	  across	  a	  wider	  range	  of	  tissues	  is	  likely	  to	  increase	  confidence	  in	  the	  appropriateness	  of	  cell	  labelling.	  	  Available	  samples	  made	  an	  immunohistochemical	  investigation	  a	  suitable	  choice	  for	  this	  study.	  However	  the	  limitations	  of	  using	  such	  a	  technique	  have	  been	  made	  clear,	  and	  it	  is	  likely	  that	  future	  investigators	  will	  avail	  themselves	  of	  alternative,	  more	  sensitive	  techniques	  for	  assessing	  host	  response	  that	  were	  beyond	  the	  scope	  of	  this	  study.	  This	  could	  include	  using	  cytokine	  sequences	  from	  the	  known	  marsupial	  genomes	  to	  develop	  markers	  for	  real	  time	  PCR	  assays	  to	  overcome	  a	  lack	  of	  species-­‐specific	  reagents	  for	  investigation	  of	  marsupial	  host	  immune	  response.	  A	  similar	  approach	  was	  used	  to	  develop	  the	  antibodies	  to	  Tasmanian	  devil	  antigens	  used	  in	  the	  present	  investigation.	  Use	  of	  real	  time	  PCR	  for	  assessing	  the	  immune	  response	  of	  S.	  crassicaudata	  to	  experimental	  protozoal	  disease	  (T.	  gondii	  as	  well	  as	  N.	  caninum)	  will	  likely	  provide	  more	  detailed	  information	  to	  that	  described	  in	  this	  report.	  This	  is	  particularly	  the	  case,	  as	  research	  appears	  to	  be	  shifting	  towards	  assessment	  of	  the	  balance	  between	  the	  different	  T	  helper	  responses,	  which	  necessitate	  assessment	  of	  cytokines.	  A	  similar	  approach	  is	  being	  undertaken	  by	  researchers	  at	  the	  University	  of	  Sydney	  for	  examination	  of	  the	  expression	  profiles	  of	  the	  immune	  genes	  CD4,	  CD8beta,	  IFN-­‐,	  IL-­‐4,	  IL-­‐6	  and	  IL-­‐10	  using	  mitogen-­‐stimulated	  lymphocytes,	  as	  the	  first	  step	  in	  investigating	  the	  adaptive	  immune	  response	  in	  the	  koala.251	  Another	  alternative	  experimental	  approach	  is	  the	  use	  of	  immunoproteomics	  for	  identification	  of	  the	  key	  pathways	  and	  proteins	  involved	  at	  the	  various	  stages	  of	  neosporosis	  in	  the	  dunnart.	  Further	  defining	  the	  parasite	  isolate	  and	  developing	  a	  matrix	  of	  parasite	  proteins	  (genes)	  to	  examine	  against	  the	  matrix	  of	  host	  proteins	  (genes)	  may	  provide	  additional	  detail	  of	  parasite	  pathogenesis.	  This	  method	  of	  investigation	  has	  also	  been	  used	  in	  the	  koala	  animal	  model.	  In	  this	  instance	  it	  identified	  thioredoxin	  as	  an	  important	  protein	  in	  the	  pathogenesis	  of	  naturally	  occurring	  cryptococcosis	  caused	  by	  Cryptococcus	  gatti	  VGII.252	  Findings	  in	  that	  example	  have	  implications	  for	  therapeutic	  targets,	  and	  a	  similar	  outcome	  may	  be	  achievable	  with	  the	  use	  of	  the	  technology	  to	  investigate	  neosporosis	  in	  the	  dunnart.	  	  In	  Chapter	  One	  histopathological	  reporting	  of	  spontaneously	  occurring	  disease	  from	  the	  colony	  of	  S.	  
crassicaudata	  and	  S.	  macroura	  maintained	  at	  the	  University	  of	  Sydney	  provided	  a	  large	  amount	  of	  baseline	  information	  necessary	  for	  the	  use	  of	  the	  dunnart	  as	  an	  animal	  model	  of	  disease.	  A	  review	  of	  spontaneously	  occurring	  disease	  was	  made	  based	  on	  specimens	  collected	  over	  a	  28-­‐month	  period	  and	  included	  a	  large	  number	  of	  animals	  (66)	  relative	  to	  lesser	  numbers	  of	  Sminthopsis	  species	  included	  the	  extensive	  earlier	  reviews	  of	  dasyurid	  disease.1,2	  Diseases	  identified	  in	  the	  colony	  correlated	  well	  with	  those	  previous	  reviews	  of	  dasyurid	  pathology,	  including	  specific	  forms	  of	  neoplastic	  disease.	  Colony	  details	  essential	  for	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an	  animal	  model	  of	  disease	  not	  previously	  collated	  or	  reported	  included	  the	  average	  age	  of	  animals	  with	  detectable	  disease	  subclassified	  by	  pathological	  process.	  For	  instance	  the	  average	  age	  of	  animals	  with	  a	  disorder	  of	  growth	  or	  inflammatory	  disease	  was	  2.8	  years,	  compared	  with	  2.3	  years	  for	  animals	  with	  a	  circulatory	  disturbance	  or	  degenerative	  process.	  Both	  exceeded	  the	  average	  natural	  lifespan	  for	  these	  species	  and	  contrasted	  with	  the	  average	  age	  of	  animals	  having	  no	  detectable	  disease	  (1.2	  years).	  Peculiar	  to	  the	  S.	  crassicaudata	  was	  the	  observation	  of	  multiple	  deaths	  associated	  with	  gastric	  trichobezoar	  formation	  –	  75%	  (6/8)	  of	  affected	  animals	  were	  male	  with	  deaths	  clustered	  around	  April	  2012	  and	  July	  2013.	  Combined	  with	  an	  understanding	  of	  seasonal	  variation	  in	  physiology	  and	  behaviour	  this	  knowledge	  is	  useful	  when	  planning	  future	  investigations	  in	  this	  species;	  especially	  longer-­‐term	  studies	  where	  management	  interventions	  or	  study	  timing	  can	  be	  altered	  to	  minimise	  the	  potential	  for	  negative	  impact	  in	  future	  study	  populations.	  	  Furthermore,	  inclusion	  of	  young	  animals	  sacrificed	  in	  good	  health	  provides	  a	  database	  of	  control	  animals	  and	  normal	  tissue	  appearance.	  Extensive	  EMH	  is	  normal	  in	  the	  spleen	  of	  dunnarts,	  as	  it	  is	  in	  rodents.	  At	  various	  ages	  and	  concomitant	  with	  other	  disease	  states	  it	  may	  also	  be	  pronounced	  in	  the	  liver,	  kidney	  and	  gastrointestinal	  tract	  –	  especially	  granulocytic	  haematopoiesis.	  	  Investigation	  of	  histogenesis	  of	  malignancy	  and	  of	  the	  nature	  of	  inflammatory	  infiltrates	  for	  various	  diseases	  within	  the	  colony	  has	  enabled	  validation	  of	  additional	  immunohistochemical	  antibodies	  in	  the	  dunnart,	  independent	  of	  the	  study	  of	  infiltrates	  associated	  with	  experimental	  neosporosis.	  Some	  such	  as	  the	  Schwann	  cell	  marker,	  periaxin,	  have	  been	  reported	  to	  show	  cross-­‐species	  reactivity	  in	  the	  related	  Tasmanian	  devil;	  others	  have	  been	  reported	  to	  be	  effective	  in	  other	  marsupial	  species.	  These	  outcomes	  add	  to	  the	  existing	  literature	  by	  showing	  validation	  and	  optimizing	  of	  staining	  in	  dunnart	  species	  and	  provide	  another	  investigative	  tool	  of	  known	  efficacy	  for	  future	  studies	  using	  this	  animal	  model.	  Each	  of	  the	  three	  chapters	  of	  this	  thesis	  provides	  data	  relating	  to	  pathology	  in	  the	  captive	  bred	  colony	  of	  dunnarts	  at	  the	  University	  of	  Sydney	  –	  from	  either	  experimental	  or	  spontaneous	  disease.	  Together	  they	  provide	  further	  information	  necessary	  for	  defining	  an	  animal	  model	  of	  disease	  that	  has	  enormous	  potential	  and	  is	  a	  valuable	  resource	  for	  disease	  investigation,	  especially	  that	  of	  marsupials.	  Additional	  knowledge	  of	  the	  Sminthopsis	  species	  as	  animal	  models	  will	  come	  from	  maintenance	  of	  the	  database	  established	  for	  this	  study,	  and	  the	  ongoing	  collation	  and	  examination	  of	  tissue	  specimens.	  Increasing	  numbers	  of	  animals	  will	  provide	  more	  significant	  data	  of	  disease	  and	  animal	  signalment,	  including	  species,	  age	  and	  gender	  predisposition	  to	  disease.	  Already	  another	  eight	  animals	  have	  been	  examined	  following	  the	  census	  date	  for	  inclusion	  in	  this	  report,	  and	  findings	  have	  included	  two	  cases	  of	  peritonitis	  secondary	  to	  reproductive	  failure	  and	  a	  case	  of	  multicentric	  uterine	  adenocarcinoma.	  	  The	  third	  chapter	  of	  this	  thesis	  investigated	  if	  the	  high	  prevalence	  of	  carcinomatous	  disease	  within	  the	  colony	  may	  be	  associated	  with	  papillomavirus	  infection.	  Of	  the	  malignancies	  identified,	  50%	  were	  diagnosed	  as	  SCC	  occurring	  on	  the	  face	  (rostral	  mandible),	  pouch,	  distal	  limb,	  or	  tail.	  The	  majority	  (5/6)	  of	  these	  tumours	  occurred	  in	  S.	  macroura,	  highlighting	  the	  importance	  of	  knowing	  the	  frequency	  of	  spontaneous	  disease	  within	  an	  experimental	  animal	  model.	  This	  presumably	  reflects	  any	  potential	  genetic	  predisposition	  given	  that	  both	  species	  are	  maintained	  under	  identical	  environmental	  conditions.	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Immunohistochemical	  labelling	  was	  not	  observed	  with	  either	  the	  bovine	  papillomavirus	  or	  p16	  markers	  to	  support	  a	  viral	  aetiology	  in	  these	  cases.	  The	  observation	  of	  an	  average	  age	  of	  animals	  with	  an	  identifiable	  disorder	  of	  growth	  being	  2.8	  years	  does	  have	  implications	  for	  the	  animal	  model.	  For	  instance,	  from	  studies	  where	  long-­‐term	  survival	  data	  are	  being	  evaluated.	  	  A	  lack	  of	  immunohistochemical	  support	  for	  virally	  induced	  disease	  in	  this	  study	  does	  not	  completely	  exclude	  the	  possibility	  of	  an	  association,	  especially	  with	  the	  increasing	  recognition	  of	  viral	  association	  with	  neoplasia	  across	  many	  species.	  This	  association	  is	  not	  limited	  to	  epithelial	  disease,	  which	  was	  the	  focus	  of	  this	  investigation.	  Based	  on	  viral	  detection	  in	  other	  species,	  future	  investigations	  will	  benefit	  from	  sampling	  disease	  at	  an	  earlier	  stage	  of	  progression,	  from	  different	  sites,	  and	  by	  searching	  for	  a	  wider	  gamut	  of	  viral	  agents.	  Furthermore,	  additional	  investigative	  techniques	  for	  detecting	  viral	  agents	  of	  disease,	  including	  molecular	  studies	  may	  show	  a	  greater	  diagnostic	  yield.	  	  In	  conclusion,	  this	  study	  has	  shown	  the	  nature	  of	  the	  dunnart	  host	  cellular	  response	  to	  neosporosis	  to	  resemble	  that	  described	  in	  eutherian	  species,	  despite	  the	  different	  pathogen	  outcome	  of	  markedly	  increased	  cyst	  formation.	  This	  suggests	  that	  alternative	  investigative	  techniques	  to	  assess	  cytokine	  levels	  might	  be	  more	  appropriate	  for	  further	  defining	  the	  metatherian	  host	  response	  to	  this	  agent	  of	  disease,	  as	  a	  potential	  driver	  of	  the	  differences	  in	  pathogenesis	  between	  the	  therian	  species.	  The	  dunnart	  model	  of	  disease	  has	  been	  further	  defined	  by	  an	  expanding	  database	  of	  spontaneously	  occurring	  disease	  that	  resemble	  those	  described	  in	  the	  dasyurids	  and	  marsupials	  more	  generally.	  The	  investigation	  of	  carcinomatous	  disease	  in	  the	  dunnart	  colony	  has	  shown	  no	  immunohistochemical	  support	  for	  a	  papillomavirus	  association.	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Appendix 2.1. Major published studies of toxoplasmosis and disease prevalence in marsupial species 
Host species Location Study/tissues Findings Reference 
Marsupial macropods  
(Macropus rufus, M. 
fuliginosus,  
M. robustus) 
Inland Western Australia Prevalence study in free-ranging animals; 
multilocus PCR-DNA analysis; 100% (16/16) 
positive; 45 distinct T. gondii genotypes 
detected, 14/16 macropods multiply infected, 
often partitioned in different organs 
Findings suggest that native mammals have the 
potential to promote regular cycles of sexual 
reproduction in the definitive felid host in this 
environment 
Pan, S et al., 
2012253 
Tammar wallaby  
(Macropus eugenii) 
Budapest Zoo, Budapest, 
Hungary 
Disease investigation; 6 animals T. gondii 
confirmed as cause of death by IHC; another 
4 specimens contained T. gondii-like 
organisms that could not be differentiated 
from N. caninum on morphology alone 
Remaining 12 animals seronegative for T. gondii  Sos, E et al., 
2012118 
Brazilian white-eared 
opossums (Didelphis 
albiventris) 
Botucatu Municipality, Sao 
Paulo State, Brazil 
Prevalence study using a modified 
agglutination test; seroprevalence of 5.5% 
(4/72) 
Older animals had higher prevalence of antibodies; 
opossums in closer contact with the urban 
environment are likely more exposed to T. gondii 
than animals from the sylvatic environment. 
Fornazari, F et 
al., 2011254 
Black-eared opossum  
(Didelphis aurita) 
South-eastern Brazil Genotyping within a single, free-ranging 
animal 
Isolate virulent in mice, previously unreported isolate Pena, HFJ et al., 
2011255 
Brush-tailed rock-wallaby  
(Petrogale penicillata) 
Southeast Queensland, 
Australia 
Seroprevalence study using MAT 5% (3/64) of animals positive using MAT Barnes, TS et al., 
2010256 
North American opossum  Louisiana, USA Seroprevalence study using modified direct 27% (8/30) of animals positive with IFAT, versus 30% Houk, AE et al., 
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(Didelphis virginiana)  agglutination test  (MAT) and 
immunofluorescent antibody test (IFAT) in 
30 animals 
(9/30) with MAT 2010112 
Red kangaroo  
(Macropus rufus), 
grey kangaroo  
(Macropus giganteus) 
La Plata Zoo, Argentina Case report of two animals and genotyping 
of agent; depression and sudden death 
Many cysts identified in fresh samples of diaphragm, 
heart and hind limb muscles; histopathology more 
severe in M. rufus, including non-suppurative 
meningoencephalitis, myositis, and myocarditis; 
genotyping showed T. gondii isolate from M. rufus 
was clonal type III and from M. giganteus was clonal 
type II 
More, GM et al., 
2010257 
Western grey kangaroo  
(Macropus fuliginosus) 
Perth, WA Prevalence study and genotyping agent; 
12/46 seropositive; of these 67% (9/12) 
infected by non-archetypal type II-like or 
atypical strains 
Australia’s isolation may have favoured the 
persistence of non-archetypal ancestral genotypes; 
two lethal isotypes are avirulent in mice 
Parameswaran, 
N et al., 2010258 
Opossum 
(Didelphis virginiana) 
Durango area, rural 
Mexico 
Seroprevalence study using MAT 16.6% (11/66) of opossums positive Dubey, JP et al., 
2009259 
Bennett’s wallaby  
(Macropus rufogriseus) 
– captive  
Spain Case report of two captive animals; 
tachyzoites observed in interstitial 
pneumonia, nonsuppurative myocarditis, 
cholangiohepatitis and severe gastroenteritis 
Intranuclear location seen within granulocyte-like 
cells 
Bermudez, R et 
al., 2009260 
Western grey kangaroo 
(Macropus fuliginosus) 
Metropolitan area, Perth, 
WA, Australia 
Prevalence investigation; 15.5% of 219 
animals tested positive 
Newly developed ELISA to detect T. gondii IgG Parameswaran, 
N et al., 2009124 
Western grey kangaroo,  
(Macropus fuliginosus),  
brush-tailed bettong  
(Bettongia penicillata)  
 
Metropolitan area, Perth, 
WA, Australia 
Study to detect organisms in off-spring of 
infected dams – unfurred pouch young 
Vertical transmission can occur in chronically infected 
Australian marsupials 
Parameswaran, 
N et al., 2009261 
Macropods – various  Midwestern USA Seroepidemiological study of zoo animals Antibodies were detected in 1/3 Dama wallabies 
(Macropus eugenii), 1/1 western grey kangaroo 
(Macropus fuliginosus), 1/2 wallaroos (Macropus 
robustus), 6/8 Bennett's wallabies (Macropus 
rufogriseus), 21/34 red kangaroos (Macropus rufus), 
De Camps, S et 
al., 2008262 
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and 1/1 dusky pademelon (Thylogale brunii). 
Tammar wallaby 
(Macropus rufogriseus), 
Bennett’s wallaby  
(Macropus eugenii) 
Zoo, Philadelphia, USA 
(originating from New 
Zealand) 
Treatment trial and genotyping of the agent; 
9 animals in total 
The isolates of T. gondii from all 3 wallabies that had 
clinical toxoplasmosis were genotype III, considered 
avirulent for mice 
Dubey, JP et al., 
2008128 
Common brushtail 
possum  
(Trichosurus vulpecula) 
Taronga zoo, Sydney, 
Australia 
Prevalence study of free-ranging animals at 
the zoo 
4.8% prevalence in 126 animals versus 0% in 17 
animals from a felid-free, non-urban woodland 
habitat; higher risk of exposure where coexistence 
with domestic, stray, captive felids showing 67% 
prevalence in 23 animals 
Hill, NJ, 2008263 
Red-necked (Bennett’s)  
wallaby  
(Macropus rufogriseus) 
Zoo, Illinois, USA Case report; acute depression, ataxia, loose 
faeces; death within 5 hours 
Severe multifocal necrotising lesions in multiple 
organs with intralesional protozoal organisms 
confirmed as T. gondii with IHC; ovoid protozoal 
inclusions within monocytes and occasionally 
neutrophils on a peripheral blood smear 
Adkesson, MJ et 
al., 2007264 
Bennett’s wallaby  
(Macropus rufogriseus) 
Zoo, Argentina Case report; sudden death in two 3-year-old 
animals 
Fatal generalised toxoplasmosis; tachyzoites 
associated with non-suppurative 
meningoencephalitis, hepatitis, myositis, myocarditis, 
and severe enteritis 
Basso, W et al., 
2007119 
Opossum 
(Didelphis virginiana) 
Brazil Seroprevalence study using MAT 0% (0/2) of opossums positive Da Silva, AV et 
al., 2006265 
Opossum 
(Didelphis virginiana) 
8 cities in Connecticut, 
USA 
Seroprevalence study using MAT 29% (2/7) of opossums positive Mitchell, SM et 
al., 2006266 
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Sugar glider 
(Petaurus breviceps) 
Zoo, South Africa Disease investigation; weight loss; sudden 
death 11/16 animals; lack of gross lesions; 
leucocytosis and marked lymphocytosis 
Congestion, oedema, neutrophilic and macrophage 
infiltrate of lamina propria and submucosa of small 
intestine, smooth muscle degeneration and necrosis, 
protozoal tachyzoites in smooth muscle cells and 
macrophages; diffuse interstitial mononuclear 
pancreatitis, acinar cell degeneration, atrophy, 
necrosis and loss; tachyzoites within cytoplasm of 
pancreatic mononuclear cells; necrotising myocarditis 
with tachyzoites in myocytes and inflammatory cells; 
multifocal interstitial pneumonitis, congestion, 
oedema; granulomatous meningoencephalitis with 
tachyzoites in neurons and glial cells; splenic 
congestion and plasma cell hyperplasia and 
organisms in macrophages; interstitial nephritis with 
protozoa within renal tubular epithelial cells, adrenal 
gland adenitis with frequent intracellular tachyzoites 
Barrows, M, 
2006267 
Common brushtail 
possum 
(Trichosurus vulpecula) 
Urban Sydney, NSW, 
Australia 
Serological survey for N. caninum and T. 
gondii in 142 adult animals 
Modified agglutination test from 142 animals; 6.3%; 
seropositive possums appeared normal when 
captured, and one possum had high titres 14 months 
apart; no animals seropositive for N. caninum at 1:25 
dilution 
Eymann, J et al., 
2006114 
Common wombat 
(Vombatus ursinus) 
Southern highlands, NSW, 
Australia 
Case report in two animals being hand-
reared; sudden death; or dyspnoea, 
tachycardia, pale membranes, anorexia 
Cysts in most tissues examined, especially 
neurological and respiratory tissues; acute diffuse 
pulmonary oedema, mild to moderate increase in 
macrophages, mild multifocal interstitial nephritis, 
moderate hepatic congestion; severe multifocal to 
coalescing mononuclear myocarditis; IHC –positive 
for T. gondii and negative for N. caninum in gastric 
smooth muscle and skeletal muscle, especially 
diaphragm, and cardiac lymphocytic macrocytic 
infiltration and tissue cysts, necrotic myocytes, cysts 
in pneumonia (generalised granulomatous interstitial 
infiltrate with congestion and oedema) and white 
matter tracts of midbrain and cerebral cortex; both 
animals infected at least 30 days prior to death 
Hartley, MP, 
2006123 
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Great grey kangaroo 
(Macropus giganteus 
giganteus) 
- Serial IgG antibodies titres in 3 juvenile 
animals displaying signs of toxoplasmosis 
compared with age-matched controls using a 
modified agglutination test 
Declining titres in 5/6 animals; titres similar in animals 
with and without signs of disease; suggestive of 
maternal lactogenic transfer 
Miller, DS et al., 
2003268 
South American opossum  
(Didelphis marsupialis) 
Sao Paulo, Brazil Seroprevalence investigation of 396 free-
ranging animals using MAT and IFAT 
Seroprevalence of 20.4% (82/396) with MAT and 
37.4% (148/396) with IFAT 
Yai, LE et al., 
2003113 
Western grey kangaroo,  
(Macropus fuliginosus) 
United Kingdom Case report Description of toxoplasmosis Twomey, DF.et 
al., 2002269 
Bridled nailtail wallaby  
(Onychogalea fraenata) 
Taunton National Park, 
QLD, Australia 
Seroprevalence investigation in free-ranging 
population using latex agglutination 
Seropositivity of 15% in 55 animals Turni, C et al., 
2001270 
Eastern barred bandicoot 
(Perameles gunnii)  
Mainland Australia Seroprevalence study of captive animals 
(wild-caught) using modified agglutination 
test 
Seropositivity of 9% (5/57); additional 33% (19/57) 
serosuspect using a direct agglutination test; no 
clinical signs observed; IgG-associated so likely 
chronic and latent infection 
Miller, DS et al., 
2000271 
Eastern barred bandicoot 
(Perameles gunnii)  
Tasmania Oral inoculation with 100 oocysts in wild-
caught seronegative animals 
Death 15-17 days post inoculation; likely to die from 
primary T. gondii infection even before detectable 
antibody is produced, reinforcing significance of 
toxoplasmosis as a potential contributor to the 
reduction in numbers of wild populations 
Bettiol, SS et al., 
2000130 
Common wombat  
(Vombatus ursinus)  
Victoria, Australia Case report; lethargy, reduced appetite, 
terminal comma with respiratory failure 
Seroconversion; necropsy showed granulomatous 
encephalitis focal myocarditis, interstitial pneumonia, 
adrenal cortical necrosis with large numbers of free 
zoites in necrotic foci; 4-fold rise in direct 
agglutination test over 22 days 
Skerratt, LF et 
al., 1997272 
Eastern barred bandicoot 
(Perameles gunnii)  
 
Southern Tasmania, 
Australia 
Serological review of 133 free-ranging 
animals 
6.7% positive with another 4.6% suspicious reactions; 
assumed highly susceptible on basis of death and 
generalised toxoplasmosis at necropsy 
Obendorf, DL et 
al., 1996273 
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Tammar wallaby 
(Macropus eugenii) 
Macquarie University, 
Sydney, Australia 
Experimental oral inoculation with oocysts Acute toxoplasmosis 9-15 days post inoculation with 
sudden death in 11/13 animals; inflammatory and 
necrotic foci in intestines, lymphoid tissue, adrenal 
cortex, heart, skeletal muscle, brain; severe 
generalised pulmonary congestion and oedema; or 
chronic foci in brain, heart, skeletal muscle; chronic 
toxoplasmosis in remaining 2 animals 
Reddacliff, GL et 
al., 1993126 
Opossum  
(Didelphis virginiana) 
Swine farms, Iowa, USA Seroprevalence study using a modified 
agglutination test 
2.9% (1/34) seropositive Smith, KE et al., 
1992274 
Macropods – various,  
common wombat 
(Vombatus ursinus),  
koala (Phascolarctos 
cinereus), 
possum, dasyurids – 
various, numbat 
(Myrmecobius fasciatus), 
bandicoot, bilby (Macrolis 
lagolis) 
 
Taronga Zoo Registry of 
Comparative Pathology, 
Sydney, Australia 
Review of pathological lesions from 79 
captive and wild animals; sudden death, 
respiratory, neurological or enteric disease; 
frequently no gross lesions; common 
necropsy findings were pulmonary 
congestion, oedema and consolidation, 
adrenal enlargement and reddening, 
gastrointestinal ulceration and haemorrhage, 
lymphadenomegally and splenomegaly 
Interstitial pneumonia, myocardial, skeletal, and 
smooth muscle necrosis and or fibrosis and lymphoid 
infiltrates; cysts common in muscle and nervous 
tissue; free zoites common in areas of necrosis 
Canfield, PJ, et 
al., 199039 
Koala 
(Phascolarctos cinereus) 
Sydney, Australia Disease investigation in captive colony in 
fauna park; heart, kidney, liver, lung, lymph 
node, spleen, SI, stomach 
Sudden death; confirmed by IHC for T. gondii and N. 
caninum; first report of toxoplasmosis in arboreal 
marsupial 
Hartley, WJ, et 
al., 1990116 
Black-faced kangaroo 
(Macropus fuliginosus 
melanops) 
Brookfield Zoo, Brookfield, 
Illinois, USA 
Epizootic disease investigation in captive 
colony; myocardium, thymus, lungs, 
cerebrum, cerebellum, skeletal muscle – 
necrosis and predominantly mononuclear 
infiltrates (lymphocytes, fewer eosinophils, 
macrophages) 
8/25 animals seroconverted, 6 recently; infants died 
82 days, 7 months suggesting transplacental or 
lactogenic transmission in the younger animals 
Dubey, JP et al., 
1988120 
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Tasmanian pademelon 
(Thylogale billardierii),  
Bennett’s wallaby  
(Macropus rufogriseus 
rufogriseus) 
Tasmania, including 
Flinders Island, Australia 
Serological (ELISA) screening in 236 wild 
macropods 
20 animals were seropositive (15 pademelons and 5 
wallabies); seroprevalence of 17.7% in the 
pademelons and 3.3% in the wallabies 
Johnson, AM et 
al., 1988121 and 
Johnson, AM et 
al., 1989275 
Macropods – various  - Epizootic disease investigation Possible transmission from domestic cats Patton, S et al., 
1986276 
Tammar wallaby 
(Macropus eugenii),  
Black-flanked rock 
wallaby (Petrogale 
penicillata lateralis), short-
nosed bandicoot (Isoodon 
obesulus) 
Southern Western 
Australia, Australia 
Prevalence study of Darling Ranges – east 
versus west, using indirect 
haemagglutination test 
No antibodies detected from east of the ranges in the 
rock wallabies (0/26); seropositivity from west and 
within the ranges was 8% (2/25) for the tammar 
wallabies and 0% (0/3) for bandicoots 
Jakob-Hoff, RM 
et al., 1983277 
Parma wallaby 
(Macropus parma) 
- Case report Disease description Wilhelmsen, CL 
et al., 1980278 
Wallaby  
(Macropus rufogriseus) 
- Investigation of ocular disease – cataracts, 
keratitis, uveitis, choroidoretinitis, or 
endophthalmitis 
11/13 cases serologically positive; cysts observed in 
3/11 animals 
Ashton, N, 
1979279 
Wallaroo  
(Macropus robustus) 
California, USA  Disease investigation in captive colony; 4/22 
deaths; 9 remaining animals seropositive 
Brain, lung, heart most frequently affected Boorman, GA et 
al., 1977280 
Dasyurids – various  Latrobe University, 
Victoria, Australia and wild-
caught at multiple locations  
Prevalence and disease survey of 240 
animals; laboratory-reared and wild-caught 
Antechinus stuartii (0/21) remained free of infection; 
47%-75% prevalence in Antechinomys spenceri, 
Antechinus apicalis, Antechinus macdonnellensis, 
Antechinus stuartii, Dasycercus crassicaudata, 
Dasyuroides byrnei, Sminthopsis crassicaudata, 
Sminthopsis larapinta Sminthopsis leucopus – based 
on cyst presence; majority of animals showed no 
outward signs of infection. 
Attwood, HD et 
al., 19752 
- - Prevalence study Captive exotic mammals Riemann, HP et 
al., 1974281 
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Macropods - Disease investigation Studies on source of T. gondii infection in captive 
kangaroos 
Dobos-Kovacs, 
M et al., 1974282 
Rottnest quokka  
(Setonix brachyurus) 
Rottnest Island, Western 
Australia 
Disease investigation No gross findings Gibb, DG et al., 
1966122 
Red kangaroo  
(Megaleira rufa) 
- Survey of endoparasites - Mykytowycz, R, 
1964283 
Swamp wallaby 
(Wallabia bicolor) 
- Case report Disease description Thompson, SW 
et al., 1957284 	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Appendix 2.2. Immunohistochemical staining of N. caninum and T. gondii in marsupial species 
Target Antibody Species Tissues Protocol features Staining outcome Reference Target 
N. caninum  Goat anti-N. caninum 
polyclonal antiserum (210-
70-N. caninum, VMRD, 
Pullman, WA, USA), 
1:6000 
Fat-tailed 
dunnart 
 Various 3% H2O2, Proteinase K ready-to-
use, S3020, Universal LSAB+ 
Kit/HRP, K0690, Dako Australia, 
Campbellfield 
(+) Staining in 
multiple tissues of 
multiple animals 
King, JS et al., 
2011115 
Zoites free and within 
cells 
BAG5 Rabbit polyclonal anti-
TgBAG5, 1:200 (M. 
McAllister, University of 
Adelaide, SA) 
Fat-tailed 
dunnart 
 Various 3% H2O2, Proteinase K ready-to-
use, S3020, Universal LSAB+ 
Kit/HRP, K0690, Dako Australia, 
Campbellfield 
(+) Staining in 
multiple tissues of 
multiple animals 
King, JS et al., 
2011115 
Surface protein BAG5 
(BAG1/hsp30) of T. 
gondii, known to cross 
react with N. caninum 
bradyzoites and cysts 
T. gondii Polyclonal rabbit anti-T. 
gondii (Ab No. 125P, 
BioGenex) 
Tammar 
wallaby 
Lung, liver, 
heart, brain, 
intestines 
FFPE sections; horseradish 
peroxidase labelling system 
[EnVision+ System – HRP-
labelled Polymer, Anti-Rabbit 
(Dako) 
(+) Staining in 
multiple tissues of 
multiple animals 
Sos, E et al., 
2012118 
Zoites free and within 
cells 
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Appendix	  2.3.	  Labelling	  of	  marsupial	  lymphoid,	  haematopoietic	  and	  other	  cell	  targets	  	  
Appendix 2.3. Labelling of marsupial lymphoid, haematopoietic and other cell targets 
Target Antibody Species Tissues Protocol features Staining outcome Reference 
HLA-DR  Mouse monoclonal 
anti-human HLA-
DR, Dako M746, 
1:40 RT 60min 
Opossum 
(Didelphis 
albiventris) 
Small intestinal Peyer’s 
patches (PP) 
Bouin's fluid fixed; secondary biotin-
labelled rabbit anti-mouse 
immunoglobulin (Dako B354) 1:200 
with normal opossum serum; sABC-
HRP complex (Dako K377) 30min; 
DAB 
(+) Apical pole of M cells and 
enterocytes comprising the 
follicular-associated epithelium 
(FAE); macrophages and dendritic 
cells in follicular germinal centres 
and lamina propria of PP and villi  
(-) other enterocytes of small 
intestine 
Coutinho, HB 
et al., 1993285 
CD3 Rabbit polyclonal 
anti-human, Dako 
A452, 1:160 4C o/n 
Opossum 
(Didelphis 
albiventris) 
Thymus, small 
intestinal Peyer’s 
patches, spleen, lymph 
node 
Bouin's fluid fixed; 15min porcine 
serum; secondary biotin labelled 
porcine ant-rabbit (Dako E353) 
1:300; sABC-HRP complex (Dako 
K377) 30min; DAB 
(+) Thymocytes, T cell dependent 
areas of spleen, lymph node, PP 
(interfollicular zones); 
intraepithelial cells in villi and cells 
in lamina propria (-) intraepithelial 
lymphocytes in the FAE 
Coutinho, HB 
et al., 1993285 
IgA  Rabbit polyclonal 
anti-human IgA, 
Behring Orci 05, 
1:2000 
Opossum 
(Didelphis 
albiventris) 
Thymus, small 
intestinal Peyer’s 
patches, spleen, lymph 
node 
Bouin's fluid fixed; 15min porcine 
serum; secondary biotin labelled 
porcine ant-rabbit (Dako E353) 
1:300; sABC-HRP complex (Dako 
K377) 30min; DAB 
(+) B cell immunocytes and 
plasma cells in the M-cell lateral 
invaginations 
Coutinho, HB 
et al., 1993285 
CD4 Mouse monoclonal 
anti-human CD4, 
Dako M716, 1:10, 
RT, 60min 
Opossum 
(Didelphis 
albiventris) 
Thymus, small 
intestinal Peyer’s 
patches, spleen, lymph 
node 
Bouin's fluid fixed; secondary biotin-
labelled rabbit anti-mouse 
immunoglobulin (Dako B354) 1:200 
with normal opossum serum; sABC-
HRP complex (Dako K377) 30min; 
No staining observed in frozen or 
fixed specimens 
Coutinho, HB 
et al., 1993285 
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    DAB   
CD8 Mouse monoclonal 
anti-human CD8, 
Dako M707, 1:10, 
RT, 60min 
Opossum 
(Didelphis 
albiventris) 
Thymus, small 
intestinal Peyer’s 
patches, spleen, lymph 
node 
Bouin's fluid fixed; secondary biotin-
labelled rabbit anti-mouse 
immunoglobulin (Dako B354) 1:200 
with normal opossum serum; sABC-
HRP complex (Dako K377) 30min; 
DAB 
No staining observed in frozen or 
fixed specimens 
Coutinho, HB 
et al., 1993285 
CD3 Mouse monoclonal 
anti-human CD3 
(PC3/188) and 
affinity purified 
polyclonal antibody 
Opossum 
(Didelphis 
albiventris) 
Spleen, Peyer's 
patches, thymus, 
and/or lymph node 
Alkaline phosphatase-antialkaline 
phosphatase or immunoperoxidase 
method (Dako D306 and Dako 
P217) 
(+) Staining of expected T cell 
areas 
Jones, M et 
al., 1993179 
CD5 Affinity purified 
rabbit polyclonal 
anti-CD5 
Opossum 
(Didelphis 
albiventris) 
Spleen, Peyer's 
patches, thymus, 
and/or lymph node 
Alkaline phosphatase-antialkaline 
phosphatase or immunoperoxidase 
method (Dako D306 and Dako 
P217) 
(+) Staining of expected T cell 
areas 
Jones, M et 
al., 1993179 
CD79a (mb-1) Mouse monoclonal 
anti-human mb-
1(HM57) 
Opossum 
(Didelphis 
albiventris) 
Spleen, Peyer's 
patches, thymus, 
and/or lymph node 
Alkaline phosphatase-antialkaline 
phosphatase or immunoperoxidase 
method (Dako D306 and Dako 
P217) 
(+) Staining of expected B cell 
areas was only seen polyclonal 
anti-mb-1 but not with the mAb 
(HM57) raised against the same 
peptide 
Jones, M et 
al., 1993179 
CD79b (B29) Mouse monoclonal 
anti-human B29 
(B29/123) and 
affinity purified 
polyclonal antibody 
Opossum 
(Didelphis 
albiventris) 
Spleen, Peyer's 
patches, thymus, 
and/or lymph node 
Alkaline phosphatase-antialkaline 
phosphatase or immunoperoxidase 
method (Dako D306 and Dako 
P217) 
(+) Staining of expected B cell 
areas 
Jones, M et 
al., 1993179 
IgA  Rabbit polyclonal 
anti-human IgA, 
Behring ORCI 05, 
1:200 
Opossum - 
Brazilian white-
belly (Didelphis 
albiventris) 
Thymus, small 
intestinal Peyer’s 
patches, spleen, lymph 
node 
Bouin's fluid fixed; 15min porcine 
serum; secondary biotin labelled 
porcine ant-rabbit (Dako E353) 
1:300; sABC-HRP complex (Dako 
K377) 30min; DAB 
(+) B cell immunocytes and 
plasma cells in expected locations 
Coutinho, HB 
et al., 1994;286 
Coutinho, HB 
et al., 1995188 
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CD79a (mb-1) Rabbit polyclonal 
anti-human mb-1, 
1:1000 
Opossum - 
Brazilian white-
belly (Didelphis 
albiventris) 
Thymus, skin, lymph 
node, spleen - young 
to adults 
Bouin's fluid fixed; secondary biotin-
labelled rabbit anti-mouse 
immunoglobulin (Dako B354) 1:200 
with normal opossum serum; sABC-
HRP complex (Dako K377) 30min; 
DAB 
(+) B cells at expected locations Coutinho, HB 
et al., 1994;286 
Coutinho, HB 
et al., 1995188 
CD79b (B29) Rabbit polyclonal 
anti-human B29 
(B29/123), 1:200 
Opossum - 
Brazilian white-
belly (Didelphis 
albiventris) 
Thymus, skin, lymph 
node, spleen - young 
to adults 
Bouin's fluid fixed; secondary biotin-
labelled rabbit anti-mouse 
immunoglobulin (Dako B354) 1:200 
with normal opossum serum; sABC-
HRP complex (Dako K377) 30min; 
DAB 
(+) B cells at expected locations Coutinho, HB 
et al., 1994;286 
Coutinho, HB 
et al., 1995188 
HLA-DR 
(MHCII-like) 
Mouse monoclonal 
anti-human HLA-
DR, Dako M746, 
1:40 RT 60min 
Opossum - 
Brazilian white-
belly (Didelphis 
albiventris) 
Thymus, skin, lymph 
node, spleen - young 
to adults 
Bouin's fluid fixed; secondary - 
biotin-labelled porcine anti-mouse 
immunoglobulin (Dako B354) 1:200 
with normal opossum serum; sABC-
HRP complex (Dako K377) 30min; 
DAB 
(+) In mature animals: skin 
dendritic cells; APC in follicular 
germinal centres and in cords and 
sinuses of lymph node; splenic 
germinal centres  
Coutinho, HB 
et al., 1994;286 
Coutinho, HB 
et al., 1995188 
CD3 Rabbit polyclonal 
anti-human, Dako 
A452, 1:60  
Opossum - 
Brazilian white-
belly (Didelphis 
albiventris) 
Thymus, skin, lymph 
node, spleen - young 
to adults 
Bouin's fluid fixed; 15min porcine 
serum; secondary - biotin labelled 
porcine ant-rabbit (Dako E353) 
1:300; sABC-HRP complex (Dako 
K377) 30min; DAB 
(+) T cells at expected locations Coutinho, HB 
et al., 1994;286 
Coutinho, HB 
et al., 1995188 
CD3 Mouse monoclonal 
IgG1 anti-human 
CD3 (PC3/188), 
LRF 
Immunodiagnostics 
Unit, 1:5,1:10 
Koala 
(Phascolarctos 
cinereus), common 
brushtail possum 
(Trichosurus 
vulpecula), 
common ringtail 
possum  
(Pseudocheirus 
peregrinus) and 
tammar wallaby 
Many Heat retrieval, sABC-HRP Positive, but replaced by 
polyclonal due to high 
concentrations and variable 
staining in koala 
Hemsley, SW 
et al., 1995;287 
Canfield, PJ et 
al., 1996288 
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  (Macropus eugenii)     
CD3 Rabbit polyclonal 
anti-human CD3, 
Dakopatts, 1:500, 
1:1000 
Koala 
(Phascolarctos 
cinereus), common 
brushtail possum 
(Trichosurus 
vulpecula), 
common ringtail 
possum 
(Pseudocheirus 
peregrinus) and 
tammar wallaby 
(Macropus eugenii) 
Many Heat retrieval, sABC-HRP Specific staining of lymphoid cells, 
distributed in the usual pattern for 
T cells, B cells and plasma cells, 
for the range of tissues attempted 
in all 4 species, was obtained with 
anti-CD5, anti-CD3 (polyclonal), 
anti- CD79b and anti-koala IgG  
Hemsley, SW 
et al., 1995;287 
Canfield, PJ et 
al., 1996288 
CD5 Mouse monoclonal 
IgG1 anti-human 
CD5 (CD5/54), 
LRF 
Immunodiagnostics 
Unit, 1:50, 1:100  
Koala 
(Phascolarctos 
cinereus), common 
brushtail possum 
(Trichosurus 
vulpecula), 
common ringtail 
possum 
(Pseudocheirus 
peregrinus) and 
tammar wallaby 
(Macropus eugenii) 
Many Heat retrieval, sABC-HRP Specific staining of lymphoid cells, 
distributed in the usual pattern for 
T cells, B cells and plasma cells, 
for the range of tissues attempted 
in all 4 species 
Hemsley, SW 
et al., 1995;287 
Canfield, PJ et 
al., 1996288 
CD79bcy Mouse monoclonal 
IgG2b anti-human 
CD79b (B29/123), 
LRF 
Immunodiagnostics 
Unit, 1:25, 1:100  
Koala 
(Phascolarctos 
cinereus), common 
brushtail possum 
(Trichosurus 
vulpecula), 
common ringtail 
possum 
(Pseudocheirus 
peregrinus) and 
Many Heat retrieval, sABC-HRP Specific staining of lymphoid cells, 
distributed in the usual pattern for 
T cells, B cells and plasma cells, 
for the range of tissues attempted 
in all 4 species, was obtained with 
anti-CD5, anti-CD3 (polyclonal), 
anti- CD79b and anti-koala IgG  
Hemsley, SW 
et al., 1995;287 
Canfield, PJ et 
al., 1996288 
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  tammar wallaby (Macropus eugenii)     
IgG Rabbit polyclonal 
anti-koala IgG, 
Central Veterinary 
Laboratories, 
1:250-1:4000 
Koala 
(Phascolarctos 
cinereus), common 
brushtail possum 
(Trichosurus 
vulpecula), 
common ringtail 
possum 
(Pseudocheirus 
peregrinus) and 
tammar wallaby 
(Macropus eugenii) 
Many Heat retrieval, sABC-HRP Anti-koala IgG stained plasma 
cells strongly, but did not stain 
lymphocytes. Specific staining of 
lymphoid cells, distributed in the 
usual pattern for T cells, B cells 
and plasma cells, for the range of 
tissues attempted in all 4 species, 
was obtained with anti-CD5, anti-
CD3 (polyclonal), anti- CD79b and 
anti-koala IgG  
Hemsley, SW 
et al., 1995;287 
Canfield, PJ et 
al., 1996288 
CD79acy Mouse monoclonal 
IgG1 anti-human 
CD79acy (HM57), 
LRF 
Immunodiagnostics 
Unit, 1:20, 1:50  
Koala 
(Phascolarctos 
cinereus), common 
brushtail possum 
(Trichosurus 
vulpecula), 
common ringtail 
possum 
(Pseudocheirus 
peregrinus) and 
tammar wallaby 
(Macropus eugenii) 
Many Heat retrieval, sABC-HRP (+) Scattered lymphoid cells in the 
brushtail possum tissues 
consistently and well, but did not 
stain cells in the other species. 
Some CD79a positive cells had 
the appearance of lymphocytes 
while others resembled plasma 
cells 
Hemsley, SW 
et al., 1995;287 
Canfield, PJ et 
al., 1996288 
CD3 Rabbit polyclonal 
anti-human, Dako 
A452, 1:2000  
Koala 
(Phascolarctos 
cinereus) 
Spleen, lymph node, 
others  
3% H2O2; 4C overnight incubation; 
biotinated anti-rabbit, avidin HRP 
(Vector Stain); DAB 
(+) T cells at expected locations in 
lymphoid tissues 
Wilkinson, R et 
al., 1995289 
IgG Rabbit polyclonal 
anti-koala IgG, 
affinity purified, 
1:20000 
Koala 
(Phascolarctos 
cinereus) 
Spleen, lymph node, 
others  
3% H2O2; 4C overnight incubation; 
biotinated anti-rabbit, avidin HRP 
(Vector Stain); DAB 
(+) B cells at expected locations in 
lymphoid tissues 
Wilkinson, R et 
al., 1995289 
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CD3 Rabbit polyclonal 
anti-human CD3 
(A452), Dakopatts, 
1:500, 1:1000 
Koala 
(Phascolarctos 
cinereus) 
Thymus Heat retrieval, sABC-HRP (+) All cortical lymphocytes and 
moderate medullary lymphocytes 
(Canfield, PJ 
et al., 1996)288 
CD5 Mouse monoclonal 
IgG1 anti-human 
CD5 (CD5/54), 
LRF 
Immunodiagnostics 
Unit, 1:50, 1:100  
Koala 
(Phascolarctos 
cinereus) 
Thymus Heat retrieval, sABC-HRP (+) Most cortical lymphocytes and 
moderate medullary lymphocytes 
(Canfield, PJ 
et al., 1996)288 
CD79b  Mouse monoclonal 
IgG2b anti-human 
CD79b (B29/123), 
LRF 
Immunodiagnostics 
Unit, 1:50, 1:100  
Koala 
(Phascolarctos 
cinereus) 
Thymus Heat retrieval, sABC-HRP (+) Morphology of lymphocytes 
and plasma cells 
(Canfield, PJ 
et al., 1996)288 
MHC II Mouse monoclonal 
anti-human HLA-
DR, Dako M775, 
1:25, 1:50 
Koala 
(Phascolarctos 
cinereus) 
Thymus Heat retrieval, sABC-HRP (+) MHC class II positive cells had 
the morphology of both 
macrophages/reticular epithelium 
and lymphocytes in younger 
animals, as well as plasma cells in 
older animals 
(Canfield, PJ 
et al., 1996)288 
IgG  Rabbit polyclonal 
anti-koala IgG, 
Central Veterinary 
Laboratories, 
1:1000-1:2000 
Koala 
(Phascolarctos 
cinereus) 
Thymus Heat retrieval, sABC-HRP (+) Plasma cells (Canfield, PJ 
et al., 1996)288 
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CD3 Rabbit polyclonal 
anti-human CD3, 
Dakopatts, 1:500, 
1:1000 
Koala 
(Phascolarctos 
cinereus), brushtail 
possum 
(Trichosurus 
vulpecula) and 
ringtail possum 
(Pseudocheirus 
peregrinus) 
Oropharyngeal tonsils, 
small intestinal 
lymphoid aggregations 
(Peyer's patches), 
caecocolic lymphoid 
patches and 
mesenteric lymph 
nodes 
Primary antibodies were left in 
contact with the sections for 1-2h at 
18-25°C or overnight at 4'C 
(+) T cells Hemsley, SW 
et al., 
1996290,291 
CD5 Mouse monoclonal 
IgG1 anti-human 
CD5 (CD5/54), 
LRF 
Immunodiagnostics 
Unit, 1:50, 1:100  
Koala 
(Phascolarctos 
cinereus), brushtail 
possum 
(Trichosurus 
vulpecula) and 
ringtail possum 
(Pseudocheirus 
peregrinus) 
Oropharyngeal tonsils, 
small intestinal 
lymphoid aggregations 
(Peyer's patches), 
caecocolic lymphoid 
patches and 
mesenteric lymph 
nodes 
Primary antibodies were left in 
contact with the sections for 1-2h at 
18-25°C or overnight at 4'C 
(+) T cells Hemsley, SW 
et al., 
1996290,291 
CD79bcy Mouse monoclonal 
IgG2b anti-human 
CD79b (B29/123), 
LRF 
Immunodiagnostics 
Unit, 1:25, 1:100  
Koala 
(Phascolarctos 
cinereus), brushtail 
possum 
(Trichosurus 
vulpecula) and 
ringtail possum 
(Pseudocheirus 
peregrinus) 
Oropharyngeal tonsils, 
small intestinal 
lymphoid aggregations 
(Peyer's patches), 
caecocolic lymphoid 
patches and 
mesenteric lymph 
nodes 
Primary antibodies were left in 
contact with the sections for 1-2h at 
18-25°C or overnight at 4'C 
(+) B cells Hemsley, SW 
et al., 
1996290,291 
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CD3 Mouse monoclonal 
IgG1 anti-human 
CD3 (PC3/188), 
LRF 
Immunodiagnostics 
Unit, 1:5,1:10 
Koala 
(Phascolarctos 
cinereus), brushtail 
possum 
(Trichosurus 
vulpecula) and 
ringtail possum 
(Pseudocheirus 
peregrinus) 
Oropharyngeal tonsils, 
small intestinal 
lymphoid aggregations 
(Peyer's patches), 
caecocolic lymphoid 
patches and 
mesenteric lymph 
nodes 
Primary antibodies were left in 
contact with the sections for 1-2h at 
18-25°C or overnight at 4'C 
(+) T cells Hemsley, SW 
et al., 
1996290,291 
IgG Rabbit polyclonal 
anti-koala IgG, 
Central Veterinary 
Laboratories, 
1:250-1:3000 
Koala 
(Phascolarctos 
cinereus), brushtail 
possum 
(Trichosurus 
vulpecula) and 
ringtail possum 
(Pseudocheirus 
peregrinus) 
Oropharyngeal tonsils, 
small intestinal 
lymphoid aggregations 
(Peyer's patches), 
caecocolic lymphoid 
patches and 
mesenteric lymph 
nodes 
Primary antibodies were left in 
contact with the sections for 1-2h at 
18-25°C or overnight at 4'C 
(+) Plasma cells Hemsley, SW 
et al., 
1996290,291 
CD3 Rabbit polyclonal 
anti-human CD3 
(A452), Dakopatts, 
1:800, 1:1600 
Koala 
(Phascolarctos 
cinereus) 
Conjunctival and 
urogenital (urinary 
bladder, urogenital 
sinus and prostate or 
penis, or both 
Heat retrieval, sABC-HRP (+) T cells Hemsley, S et 
al., 1997292 
CD5 Mouse monoclonal 
IgG1 anti-human 
CD5 (CD5/54), 
LRF 
Immunodiagnostics 
Unit, 1:50, 1:100  
Koala 
(Phascolarctos 
cinereus) 
Conjunctival and 
urogenital (urinary 
bladder, urogenital 
sinus and prostate or 
penis, or both 
Heat retrieval, sABC-HRP (+) T cells Hemsley, S et 
al., 1997292 
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CD79b  Mouse monoclonal 
IgG2b anti-human 
CD79b (B29/123), 
LRF 
Immunodiagnostics 
Unit, 1:50, 1:100  
Koala 
(Phascolarctos 
cinereus) 
Conjunctival and 
urogenital (urinary 
bladder, urogenital 
sinus and prostate or 
penis, or both 
Heat retrieval, sABC-HRP (+) B cells Hemsley, S et 
al., 1997292 
MHC II Mouse monoclonal 
anti-human HLA-
DR, Dako M775, 
1:25, 1:50 
Koala 
(Phascolarctos 
cinereus) 
Conjunctival and 
urogenital (urinary 
bladder, urogenital 
sinus and prostate or 
penis, or both 
Heat retrieval, sABC-HRP (+) B cells, antigen-presenting 
cells (such as macrophages), and 
activated T cells, but other cell 
types can be induced to express it 
- some conjunctival, prostatic and 
urogenital epithelial cells in 
inflamed tissues stained 
Hemsley, S et 
al., 1997292 
IgG Rabbit polyclonal 
anti-koala IgG, 
Central Veterinary 
Laboratories, 
1:800-1:1600 
Koala 
(Phascolarctos 
cinereus) 
Conjunctival and 
urogenital (urinary 
bladder, urogenital 
sinus and prostate or 
penis, or both 
Heat retrieval, RT (18-25C) 60min, 
sABC-HRP 
(+) Plasma cells Hemsley, S et 
al., 1997292 
CD3 Rabbit polyclonal 
anti-human CD3 
(A452), Dakopatts, 
1:500, 1:1000 
Koala 
(Phascolarctos 
cinereus) 
Lymphoid neoplasia, 
various tissues 
Heat retrieval, RT (18-25C) 60min, 
sABC-HRP 
(+) 51% T cell immunophenotype, 
24% B cell immunophenotype, 
25% did not stain with either 
marker 
Connolly, JH 
et al., 1998293 
CD5 Mouse monoclonal 
IgG1 anti-human 
CD5 (CD5/54), 
LRF 
Immunodiagnostics 
Unit, 1:50, 1:100  
Koala 
(Phascolarctos 
cinereus) 
Lymphoid neoplasia, 
various tissues 
Heat retrieval, RT (18-25C) 60min, 
sABC-HRP 
(+) 51% T cell immunophenotype, 
24% B cell immunophenotype, 
25% did not stain with either 
marker 
Connolly, JH 
et al., 1998293 
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CD79b  Mouse monoclonal 
IgG2b anti-human 
CD79b (B29/123), 
LRF 
Immunodiagnostics 
Unit, 1:50, 1:100  
Koala 
(Phascolarctos 
cinereus) 
Lymphoid neoplasia, 
various tissues 
Heat retrieval, RT (18-25C) 60min, 
sABC-HRP 
(+) 51% T cell immunophenotype, 
24% B cell immunophenotype, 
25% did not stain with either 
marker 
Connolly, JH 
et al., 1998293 
IgG Rabbit polyclonal 
anti-koala IgG, 
Central Veterinary 
Laboratories, 
1:800-1:1600 
Koala 
(Phascolarctos 
cinereus) 
Lymphoid neoplasia, 
various tissues 
Heat retrieval, RT (18-25C) 60min, 
sABC-HRP 
(+) 51% T cell immunophenotype, 
24% B cell immunophenotype, 
25% did not stain with either 
marker 
Connolly, JH 
et al., 1998293 
CD3 Rabbit polyclonal 
anti-human CD3, 
Dakopatts, 1:100 
Brushtail Possum 
(Trichosurus 
vulpecula) 
Thymus, spleen, lymph 
node, intestine 
ABC, 1% H2O2, DAB, 30min each (+) Thymus - from day 2, 
predominantly cortex; spleen 
numerous scattered cells from day 
25 but distinct T and B areas not 
seen until day 48 - parafollicular 
areas and in marginal zone 
surrounding follicles; lymph node - 
throughout lymph node from day 
48; intestines - from day 2, 
numerous by day 28 in small and 
large bowel 
Baker, ML et 
al., 1999)182 
CD79a Mouse monoclonal 
anti-human CD79a 
(Dakopatts), 1:10 
Brushtail Possum 
(Trichosurus 
vulpecula) 
Thymus, spleen, lymph 
node, intestine 
Alkaline phosphatase, 1% BSA, 
30min each 
(+) Thymus - significantly fewer 
than CD3 cells, predominantly 
medulla; spleen numerous 
scattered cells from day 25 but 
distinct T and B areas not seen 
until day 48 - follicular areas; 
intestines - scattered villus and 
submucosal cells only 
Baker, ML et 
al., 1999)182 
IgG Rabbit polyclonal 
anti-koala IgG, 
Central Veterinary 
Brushtail Possum 
(Trichosurus 
vulpecula) 
Thymus, spleen, lymph 
node, intestine 
ABC, 1% H2O2, DAB, 30min each (+) Thymus - significantly fewer 
than CD3 cells, but more than 
CD79a cells, cortex and medulla; 
spleen numerous scattered cells 
Baker, ML et 
al., 1999)182 
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IgG Laboratories, 1:200 Brushtail Possum 
(Trichosurus 
vulpecula) 
Thymus, spleen, lymph 
node, intestine 
ABC, 1% H2O2, DAB, 30min each from day 25 but distinct T and B areas not seen until day 48 - 
follicular areas and scattered in 
parafollicular areas; lymph node - 
predominantly cortex from day 48 
Baker, ML et 
al., 1999)182 
CD3 Mouse monoclonal 
IgG1 anti-human 
CD3 (PC3/188), 
LRF 
Immunodiagnostics 
Unit, 1:20-1:200 
Northern brown 
bandicoot (Isoodon 
macrourus) 
Aged thymus, spleen, 
lymph node from adult 
female and male 
specimens  
3% H2O2; 5% goat serum in PBS 
containing 1% bovine serum 
albumen (BSA), 30 min; 4C 
overnight; HRP secondary 
antibodies: goat anti-mouse 
peroxidase conjugate (Sigma), or 
goat anti-rabbit peroxidase 
conjugate (Sigma) or mouse anti- 
goat/sheep IgG-FITC conjugate 
(Sigma), diluted 1:200 in PBS/1% 
goat or mouse serum as required; 
DAB 
(+) Most thymocytes in aged 
thymus; small lymphocytes in 
PALS; some lymphocytes in 
splenic red pulp, and deep lymph 
node cortex and medullary 
sinuses and cords 
Cisternas, PA 
et al., 2000294 
CD5 Mouse monoclonal 
anti-rat CD5 (OX-
19), Serotec, 1:50-
1:200 
Northern brown 
bandicoot (Isoodon 
macrourus) 
Aged thymus, spleen, 
lymph node from adult 
female and male 
specimens  
3% H2O2; 5% goat serum in PBS 
containing 1% bovine serum 
albumen (BSA), 30 min; 4C 
overnight; HRP secondary 
antibodies: goat anti-mouse 
peroxidase conjugate (Sigma), or 
goat anti-rabbit peroxidase 
conjugate (Sigma) or mouse anti- 
goat/sheep IgG-FITC conjugate 
(Sigma), diluted 1:200 in PBS/1% 
goat or mouse serum as required; 
DAB 
(+) Scattered small-medium 
thymocytes in medullary 
remnants; small-medium 
lymphocytes deep cortex and 
medullary cords of lymph nodes 
(including some plasmacytoid 
cells) 
Cisternas, PA 
et al., 2000294 
	   168	  
Thy1.1 Mouse monoclonal 
anti-rat Th-1.1 (cell 
line), undiluted 
supernatant 
Northern brown 
bandicoot (Isoodon 
macrourus) 
Aged thymus, spleen, 
lymph node from adult 
female and male 
specimens  
3% H2O2; 5% goat serum in PBS 
containing 1% bovine serum 
albumen (BSA), 30 min; 4C 
overnight; HRP secondary 
antibodies: goat anti-mouse 
peroxidase conjugate (Sigma), or 
goat anti-rabbit peroxidase 
conjugate (Sigma) or mouse anti- 
goat/sheep IgG-FITC conjugate 
(Sigma), diluted 1:200 in PBS/1% 
goat or mouse serum as required; 
DAB 
(+) Some medium thymocytes; 
few lymphocytes in T cell regions 
of lymph node and spleen 
Cisternas, PA 
et al., 2000294 
CD1a Mouse monoclonal 
anti-human CD1a 
(Na1/34, Dako), 
1:50, 1:100 
Northern brown 
bandicoot (Isoodon 
macrourus) 
Aged thymus, spleen, 
lymph node from adult 
female and male 
specimens  
3% H2O2; 5% goat serum in PBS 
containing 1% bovine serum 
albumen (BSA), 30 min; 4C 
overnight; HRP secondary 
antibodies: goat anti-mouse 
peroxidase conjugate (Sigma), or 
goat anti-rabbit peroxidase 
conjugate (Sigma) or mouse anti- 
goat/sheep IgG-FITC conjugate 
(Sigma), diluted 1:200 in PBS/1% 
goat or mouse serum as required; 
DAB 
(-) No cross-reactivity in spleen or 
lymph node; (+) some thymocytes 
and stromal epithelial cells 
Cisternas, PA 
et al., 2000294 
CD79a Mouse monoclonal 
anti-human CD79a 
(HM57), 1:50-
1:200 
Northern brown 
bandicoot (Isoodon 
macrourus) 
Aged thymus, spleen, 
lymph node from adult 
female and male 
specimens  
3% H2O2; 5% goat serum in PBS 
containing 1% bovine serum 
albumen (BSA), 30 min; 4C 
overnight; HRP secondary 
antibodies: goat anti-mouse 
peroxidase conjugate (Sigma), or 
goat anti-rabbit peroxidase 
conjugate (Sigma) or mouse anti- 
goat/sheep IgG-FITC conjugate 
(Sigma), diluted 1:200 in PBS/1% 
goat or mouse serum as required; 
DAB 
(-) No cross-reactivity aged 
thymus; (+) Few small 
lymphocytes and plasma cells in 
deep cortex and medullary cord of 
lymph node  
Cisternas, PA 
et al., 2000294 
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CD79b Mouse monoclonal 
anti-human CD79b 
(B29/123), 1:50-
1:200 
Northern brown 
bandicoot (Isoodon 
macrourus) 
Aged thymus, spleen, 
lymph node from adult 
female and male 
specimens  
3% H2O2; 5% goat serum in PBS 
containing 1% bovine serum 
albumen (BSA), 30 min; 4C 
overnight; HRP secondary 
antibodies: goat anti-mouse 
peroxidase conjugate (Sigma), or 
goat anti-rabbit peroxidase 
conjugate (Sigma) or mouse anti- 
goat/sheep IgG-FITC conjugate 
(Sigma), diluted 1:200 in PBS/1% 
goat or mouse serum as required; 
DAB 
(+) Few plasmacytoid cells in 
aged thymus; (+) weak staining 
small lymphocytes and 
plasmacytoid cells in splenic red 
pulp and follicles; (+) few small 
lymphocytes and plasmacytoid 
cells in medulla 
Cisternas, PA 
et al., 2000294 
CD4 Mouse monoclonal 
anti-human CD4 
(T4, Beckton D), 
1:20-1:200; Mouse 
monoclonal anti-
human CD4 
(W3/23, Lab cline), 
1:10 
Northern brown 
bandicoot (Isoodon 
macrourus) 
Aged thymus, spleen, 
lymph node from adult 
female and male 
specimens  
3% H2O2; 5% goat serum in PBS 
containing 1% bovine serum 
albumen (BSA), 30 min; 4C 
overnight; HRP secondary 
antibodies: goat anti-mouse 
peroxidase conjugate (Sigma), or 
goat anti-rabbit peroxidase 
conjugate (Sigma) or mouse anti- 
goat/sheep IgG-FITC conjugate 
(Sigma), diluted 1:200 in PBS/1% 
goat or mouse serum as required; 
DAB 
(-) No cross-reactivity with either 
of the 2 antibodies 
Cisternas, PA 
et al., 2000294 
CD8 Mouse monoclonal 
anti-rat CD8 (OX-
8), Serotec; Mouse 
monoclonal anti-
human CD8 (T8), 
Beckton D, 1:20-
1:200; Mouse 
monoclonal anti-
human CD8 (OX-
9), Serotec, 1:10-
1:50 
Northern brown 
bandicoot (Isoodon 
macrourus) 
Aged thymus, spleen, 
lymph node from adult 
female and male 
specimens  
3% H2O2; 5% goat serum in PBS 
containing 1% bovine serum 
albumen (BSA), 30 min; 4C 
overnight; HRP secondary 
antibodies: goat anti-mouse 
peroxidase conjugate (Sigma), or 
goat anti-rabbit peroxidase 
conjugate (Sigma) or mouse anti- 
goat/sheep IgG-FITC conjugate 
(Sigma), diluted 1:200 in PBS/1% 
goat or mouse serum as required; 
DAB 
(-) No cross-reactivity with any of 
the 3 antibodies 
Cisternas, PA 
et al., 2000294 
	   170	  
TCR, alpha, 
beta 
Mouse monoclonal 
anti-rat TCR (R73, 
cell line), 1:50-
1:200 
Northern brown 
bandicoot (Isoodon 
macrourus) 
Aged thymus, spleen, 
lymph node from adult 
female and male 
specimens  
3% H2O2; 5% goat serum in PBS 
containing 1% bovine serum 
albumen (BSA), 30 min; 4C 
overnight; HRP secondary 
antibodies: goat anti-mouse 
peroxidase conjugate (Sigma), or 
goat anti-rabbit peroxidase 
conjugate (Sigma) or mouse anti- 
goat/sheep IgG-FITC conjugate 
(Sigma), diluted 1:200 in PBS/1% 
goat or mouse serum as required; 
DAB 
(-) No reported cross-reactivity Cisternas, PA 
et al., 2000294 
CD43 Mouse monoclonal 
anti-rat CD43 
(W3/13, cell line), 
1:50-1:200 
Northern brown 
bandicoot (Isoodon 
macrourus) 
Aged thymus, spleen, 
lymph node from adult 
female and male 
specimens  
3% H2O2; 5% goat serum in PBS 
containing 1% bovine serum 
albumen (BSA), 30 min; 4C 
overnight; HRP secondary 
antibodies: goat anti-mouse 
peroxidase conjugate (Sigma), or 
goat anti-rabbit peroxidase 
conjugate (Sigma) or mouse anti- 
goat/sheep IgG-FITC conjugate 
(Sigma), diluted 1:200 in PBS/1% 
goat or mouse serum as required; 
DAB 
(-) No reported cross-reactivity Cisternas, PA 
et al., 2000294 
CD45RC Mouse monoclonal 
anti-human 
CD45RC (OX-22, 
Serotec), 1:50-
1:200 
Northern brown 
bandicoot (Isoodon 
macrourus) 
Aged thymus, spleen, 
lymph node from adult 
female and male 
specimens  
3% H2O2; 5% goat serum in PBS 
containing 1% bovine serum 
albumen (BSA), 30 min; 4C 
overnight; HRP secondary 
antibodies: goat anti-mouse 
peroxidase conjugate (Sigma), or 
goat anti-rabbit peroxidase 
conjugate (Sigma) or mouse anti- 
goat/sheep IgG-FITC conjugate 
(Sigma), diluted 1:200 in PBS/1% 
goat or mouse serum as required; 
DAB 
(-) No reported cross-reactivity Cisternas, PA 
et al., 2000294 
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MHC class I Mouse monoclonal 
antihuman MHC1 
(W6/32, cell line), 
1:50- Mouse 
monoclonal anti-rat 
MHCI (OX-18, 
Serotec), 1:50-
1:200 
Northern brown 
bandicoot (Isoodon 
macrourus) 
Aged thymus, spleen, 
lymph node from adult 
female and male 
specimens  
3% H2O2; 5% goat serum in PBS 
containing 1% bovine serum 
albumen (BSA), 30 min; 4C 
overnight; HRP secondary 
antibodies: goat anti-mouse 
peroxidase conjugate (Sigma), or 
goat anti-rabbit peroxidase 
conjugate (Sigma) or mouse anti- 
goat/sheep IgG-FITC conjugate 
(Sigma), diluted 1:200 in PBS/1% 
goat or mouse serum as required; 
DAB 
(-) No reported cross-reactivity Cisternas, PA 
et al., 2000294 
IgG2 Mouse monoclonal 
anti-rat IgG2 (OX-
12, Serotec), 1:50-
1:200 
Northern brown 
bandicoot (Isoodon 
macrourus) 
Aged thymus, spleen, 
lymph node from adult 
female and male 
specimens  
3% H2O2; 5% goat serum in PBS 
containing 1% bovine serum 
albumen (BSA), 30 min; 4C 
overnight; HRP secondary 
antibodies: goat anti-mouse 
peroxidase conjugate (Sigma), or 
goat anti-rabbit peroxidase 
conjugate (Sigma) or mouse anti- 
goat/sheep IgG-FITC conjugate 
(Sigma), diluted 1:200 in PBS/1% 
goat or mouse serum as required; 
DAB 
(-) No reported cross-reactivity Cisternas, PA 
et al., 2000294 
MHC class II Mouse monoclonal 
anti-rat MHCII (OX-
6, Serotec), 1:50-
1:200; Mouse 
monoclonal anti-rat 
MHCI (OX-18, 
Serotec), 1:50-
1:200 
Northern brown 
bandicoot (Isoodon 
macrourus) 
Aged thymus, spleen, 
lymph node from adult 
female and male 
specimens  
3% H2O2; 5% goat serum in PBS 
containing 1% bovine serum 
albumen (BSA), 30 min; 4C 
overnight; HRP secondary 
antibodies: goat anti-mouse 
peroxidase conjugate (Sigma), or 
goat anti-rabbit peroxidase 
conjugate (Sigma) or mouse anti- 
goat/sheep IgG-FITC conjugate 
(Sigma), diluted 1:200 in PBS/1% 
goat or mouse serum as required; 
DAB 
HLA-DR: (+) epithelial cells in 
cortex and medulla of aged 
thymus; (+) small lymphocytes of 
splenic follicles and lymph node 
OX-6: (-) No reported cross-
reactivity 
Cisternas, PA 
et al., 2000294 
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ED1, ED2 Mouse monoclonal 
anti-rat ED1,2 (cell 
line), undiluted 
supernatant 
Northern brown 
bandicoot (Isoodon 
macrourus) 
Aged thymus, spleen, 
lymph node from adult 
female and male 
specimens  
3% H2O2; 5% goat serum in PBS 
containing 1% bovine serum 
albumen (BSA), 30 min; 4C 
overnight; HRP secondary 
antibodies: goat anti-mouse 
peroxidase conjugate (Sigma), or 
goat anti-rabbit peroxidase 
conjugate (Sigma) or mouse anti- 
goat/sheep IgG-FITC conjugate 
(Sigma), diluted 1:200 in PBS/1% 
goat or mouse serum as required; 
DAB 
(-) No reported cross-reactivity Cisternas, PA 
et al., 2000294 
CD11 Mouse monoclonal 
anti-human CD11 
(OX-42, Serotec), 
1:50-1:200 
Northern brown 
bandicoot (Isoodon 
macrourus) 
Aged thymus, spleen, 
lymph node from adult 
female and male 
specimens  
3% H2O2; 5% goat serum in PBS 
containing 1% bovine serum 
albumen (BSA), 30 min; 4C 
overnight; HRP secondary 
antibodies: goat anti-mouse 
peroxidase conjugate (Sigma), or 
goat anti-rabbit peroxidase 
conjugate (Sigma) or mouse anti- 
goat/sheep IgG-FITC conjugate 
(Sigma), diluted 1:200 in PBS/1% 
goat or mouse serum as required; 
DAB 
(-) No reported cross-reactivity Cisternas, PA 
et al., 2000294 
CD54a  
(ICAM-1) 
Mouse monoclonal 
anti-human CD54a 
(1A29, Endogen), 
1:50-1:200 
Northern brown 
bandicoot (Isoodon 
macrourus) 
Aged thymus, spleen, 
lymph node from adult 
female and male 
specimens  
3% H2O2; 5% goat serum in PBS 
containing 1% bovine serum 
albumen (BSA), 30 min; 4C 
overnight; HRP secondary 
antibodies: goat anti-mouse 
peroxidase conjugate (Sigma), or 
goat anti-rabbit peroxidase 
conjugate (Sigma) or mouse anti- 
goat/sheep IgG-FITC conjugate 
(Sigma), diluted 1:200 in PBS/1% 
goat or mouse serum as required; 
DAB 
(-) No reported cross-reactivity Cisternas, PA 
et al., 2000294 
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CD31 
(PECAM) 
Mouse monoclonal 
anti-rat CD31 
(3A12, Endogen), 
1:50-1:200 
Northern brown 
bandicoot (Isoodon 
macrourus) 
Aged thymus, spleen, 
lymph node from adult 
female and male 
specimens  
3% H2O2; 5% goat serum in PBS 
containing 1% bovine serum 
albumen (BSA), 30 min; 4C 
overnight; HRP secondary 
antibodies: goat anti-mouse 
peroxidase conjugate (Sigma), or 
goat anti-rabbit peroxidase 
conjugate (Sigma) or mouse anti- 
goat/sheep IgG-FITC conjugate 
(Sigma), diluted 1:200 in PBS/1% 
goat or mouse serum as required; 
DAB 
(-) No reported cross-reactivity Cisternas, PA 
et al., 2000294 
CD49 (VLA-4) Mouse monoclonal 
anti-rat CD49 
(TA2, Seikagaku), 
1:50-1:200 
Northern brown 
bandicoot (Isoodon 
macrourus) 
Aged thymus, spleen, 
lymph node from adult 
female and male 
specimens  
3% H2O2; 5% goat serum in PBS 
containing 1% bovine serum 
albumen (BSA), 30 min; 4C 
overnight; HRP secondary 
antibodies: goat anti-mouse 
peroxidase conjugate (Sigma), or 
goat anti-rabbit peroxidase 
conjugate (Sigma) or mouse anti- 
goat/sheep IgG-FITC conjugate 
(Sigma), diluted 1:200 in PBS/1% 
goat or mouse serum as required; 
DAB 
(-) No reported cross-reactivity Cisternas, PA 
et al., 2000294 
CD54 (LFA-1) Mouse monoclonal 
anti-human CD54 
(WT1, cell line), 
1:50-1:200 
Northern brown 
bandicoot (Isoodon 
macrourus) 
Aged thymus, spleen, 
lymph node from adult 
female and male 
specimens  
3% H2O2; 5% goat serum in PBS 
containing 1% bovine serum 
albumen (BSA), 30 min; 4C 
overnight; HRP secondary 
antibodies: goat anti-mouse 
peroxidase conjugate (Sigma), or 
goat anti-rabbit peroxidase 
conjugate (Sigma) or mouse anti- 
goat/sheep IgG-FITC conjugate 
(Sigma), diluted 1:200 in PBS/1% 
goat or mouse serum as required; 
DAB 
(-) No reported cross-reactivity Cisternas, PA 
et al., 2000294 
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IgG Sheep antipossum 
surface IgG, 1:50-
1:200; Sheep anti-
tammar wallaby 
surface IgG, 1:50-
1:200 
Northern brown 
bandicoot (Isoodon 
macrourus) 
Aged thymus, spleen, 
lymph node from adult 
female and male 
specimens  
3% H2O2; 5% goat serum in PBS 
containing 1% bovine serum 
albumen (BSA), 30 min; 4C 
overnight; HRP secondary 
antibodies: goat anti-mouse 
peroxidase conjugate (Sigma), or 
goat anti-rabbit peroxidase 
conjugate (Sigma) or mouse anti- 
goat/sheep IgG-FITC conjugate 
(Sigma), diluted 1:200 in PBS/1% 
goat or mouse serum as required; 
DAB 
Anti-possum: (+) follicular 
lymphocytes in spleen and lymph 
node; few plasma cells and 
precursors in germinal centres of 
secondary follicles; lymphocytes 
and plasma cells in medullary 
cords of lymph node. 
Anti-tammar wallaby: (-) No 
reported cross-reactivity 
Cisternas, PA 
et al., 2000294 
CD3 Mouse monoclonal 
IgG1 anti-human 
CD3 (PC3/188), 
LRF 
Immunodiagnostics 
Unit, 1:5,1:10; 
Rabbit polyclonal 
anti-human CD3 
(A452), 
Dako,1:500, 
1:1000 
Eastern grey 
kangaroo 
(Macropus 
giganteus) 
Gut-associated 
lymphoid tissue 
(GALT), mesenteric 
lymph node 
3% H2O2, heat retrieval in Dako 
Target Retrieval Solution, 1:20 horse 
serum 20min, Ab 60min RT, 
Vectorstain ABC and DAB 
Similar for both antibodies: (+) T 
cells in lymph node paracortex 
and cortex (+) T cells in GALT 
interfollicular areas and peripheral 
regions of germinal centres of 
secondary follicles 
Old, JM et al., 
2001295 
CD5 Mouse monoclonal 
IgG1 anti-human 
CD5 (CD5/54), 
LRF 
Immunodiagnostics 
Unit, 1:10, 1:50  
Eastern grey 
kangaroo 
(Macropus 
giganteus) 
Gut-associated 
lymphoid tissue 
(GALT), mesenteric 
lymph node 
3% H2O2, heat retrieval in Dako 
Target Retrieval Solution, 1:20 horse 
serum 20min, Ab 60min RT, 
Vectorstain ABC and DAB 
Similar to CD3 Ab but with more 
staining within follicles: (+) T cells 
in lymph node paracortex and 
cortex (+) T cells in GALT 
interfollicular areas and peripheral 
regions of germinal centres of 
secondary follicles 
Old, JM et al., 
2001295 
CD79b Mouse monoclonal 
anti-human CD79b 
(B29/123), 1:500-
1:1000 
Eastern grey 
kangaroo 
(Macropus 
giganteus) 
Gut-associated 
lymphoid tissue 
(GALT), mesenteric 
lymph node 
3% H2O2, heat retrieval in Dako 
Target Retrieval Solution, 1:20 horse 
serum 20min, Ab 60min RT, 
Vectorstain ABC and DAB 
(+) B cells in marginal/mantle 
zones of follicles (+) B cells 
abundant in primary follicles 
Old, JM et al., 
2001295 
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CD79a Mouse monoclonal 
anti-human CD79a 
(mb-1), 
undetermined 
Eastern grey 
kangaroo 
(Macropus 
giganteus) 
Gut-associated 
lymphoid tissue 
(GALT), mesenteric 
lymph node 
3% H2O2, heat retrieval in Dako 
Target Retrieval Solution, 1:20 horse 
serum 20min, Ab 60min RT, 
Vectorstain ABC and DAB 
(-) No observed cross-reactivity Old, JM et al., 
2001295 
CD3 Mouse monoclonal 
IgG1 anti-human 
CD3 (PC3/188), 
LRF 
Immunodiagnostics 
Unit, 1:5,1:10; 
Northern brown 
bandicoot (Isoodon 
macrourus) 
Gut-associated 
lymphoid tissue 
(GALT), mesenteric 
lymph node; juvenile 
animal 
3% H2O2, heat retrieval in Dako 
Target Retrieval Solution, 1:20 horse 
serum 20min, Ab 60min RT, 
Vectorstain ABC and DAB 
Similar for both antibodies: (+) T 
cells in lymph node cortex in high 
number; few scattered medullary 
cells (+) abundant dispersed T 
cells in villi lacteals and high 
number in follicles of GALT  
Old, JM et al., 
2002296 
CD5 Mouse monoclonal 
IgG1 anti-human 
CD5 (CD5/54), 
LRF 
Immunodiagnostics 
Unit, 1:50, 1:100 
Northern brown 
bandicoot (Isoodon 
macrourus) 
Gut-associated 
lymphoid tissue 
(GALT), mesenteric 
lymph node; juvenile 
animal 
3% H2O2, heat retrieval in Dako 
Target Retrieval Solution, 1:20 horse 
serum 20min, Ab 60min RT, 
Vectorstain ABC and DAB 
Similar to CD3 Ab but with more 
staining within follicles: (+) T cells 
in lymph node cortex in high 
number; few scattered medullary 
cells (+) extremely rare T cells in 
GALT submucosa and lacteals, 
except single non-follicular 
aggregation 
Old, JM et al., 
2002296 
CD79b Mouse monoclonal 
anti-human CD79b 
(B29/123), 1:50, 
1:100 
Northern brown 
bandicoot (Isoodon 
macrourus) 
Gut-associated 
lymphoid tissue 
(GALT), mesenteric 
lymph node; juvenile 
animal 
3% H2O2, heat retrieval in Dako 
Target Retrieval Solution, 1:20 horse 
serum 20min, Ab 60min RT, 
Vectorstain ABC and DAB 
(+) B cells predominantly in 
follicular mantles and throughout 
primary follicles in lymph node (+) 
B cells abundant in follicular 
mantles of follicles of GALT, but 
not observed in lacteals 
Old, JM et al., 
2002296 
CD79a Mouse monoclonal 
anti-human CD79a 
(HM57), 
undetermined 
Northern brown 
bandicoot (Isoodon 
macrourus) 
Gut-associated 
lymphoid tissue 
(GALT), mesenteric 
lymph node; juvenile 
animal 
3% H2O2, heat retrieval in Dako 
Target Retrieval Solution, 1:20 horse 
serum 20min, Ab 60min RT, 
Vectorstain ABC and DAB 
(-) No observed cross-reactivity Old, JM et al., 
2002296 
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CD3 Rabbit polyclonal 
anti-human CD3 
(A452), Dako, 
1:100-1:2000 
Tammar wallaby 
(Macropus eugenii) 
Spleen, lymph node, 
thymus, GALT, BALT  
3% H2O2, heat retrieval in Dako 
Target Retrieval Solution, 1:20 horse 
serum 20min, Ab 60min RT, 
Vectorstain ABC and DAB 
(+) Thymus - most lymphocytes 
and thymocytes; spleen - cortical 
lymphocytes, few cells periphery 
of germinal centres of secondary 
follicles; lymph node - paracortical 
areas and few scattered cells 
elsewhere; GALT - cells entire 
length of villi; BALT - none 
identified, rare positive cells in 
vessels and alveoli lining cells 
Old, JM et al., 
2002;180 Old, 
JM et al., 
2003297 
CD5 Mouse monoclonal 
IgG1 anti-human 
CD5 (CD5/54), 
LRF 
Immunodiagnostics 
Unit, undiluted-
1:100 
Tammar wallaby 
(Macropus eugenii) 
Spleen, lymph node, 
thymus, GALT, BALT  
3% H2O2, heat retrieval in Dako 
Target Retrieval Solution, 1:20 horse 
serum 20min, Ab 60min RT, 
Vectorstain ABC and DAB 
(+) Thymus - most lymphocytes 
and thymocytes; spleen - cortical 
lymphocytes, few cells periphery 
of germinal centres of secondary 
follicles; lymph node - paracortical 
areas and few scattered cells 
elsewhere; GALT - cells entire 
length of villi (fewer than CD3), 
including accumulations at villi 
base; BALT - none identified, rare 
positive cells in vessels and 
alveoli lining cells 
Old, JM et al., 
2002;180 Old, 
JM et al., 
2003297 
CD79b Mouse monoclonal 
anti-human CD79b 
(B29/123), 1:5-
1:1000 
Tammar wallaby 
(Macropus eugenii) 
Spleen, lymph node, 
thymus, GALT, BALT  
3% H2O2, heat retrieval in Dako 
Target Retrieval Solution, 1:20 horse 
serum 20min, Ab 60min RT, 
Vectorstain ABC and DAB 
(+) Thymus - occasional cells; 
spleen - not reported; lymph node 
- mantles of secondary follicles, 
and primary follicles; GALT - 
scattered cells only; BALT - none 
identified, rare positive cells in 
vessels and alveoli lining cells 
Old, JM et al., 
2002;180 Old, 
JM et al., 
2003297 
CD79a Mouse monoclonal 
anti-human CD79a 
(HM57), undiluted-
1:50 
Tammar wallaby 
(Macropus eugenii) 
Spleen, lymph node, 
thymus, GALT, BALT  
3% H2O2, heat retrieval in Dako 
Target Retrieval Solution, 1:20 horse 
serum 20min, Ab 60min RT, 
Vectorstain ABC and DAB 
(-) No observed cross-reactivity Old, JM et al., 
2002;180 
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CD8 alpha Not reported, 
undiluted-1:50 
Tammar wallaby 
(Macropus eugenii) 
Spleen, lymph node, 
thymus, GALT, BALT  
3% H2O2, heat retrieval in Dako 
Target Retrieval Solution, 1:20 horse 
serum 20min, Ab 60min RT, 
Vectorstain ABC and DAB 
(-) No observed cross-reactivity Old, JM et al., 
2002;180 
CD31 
(PECAM) 
Not reported, 
undiluted-1:50 
Tammar wallaby 
(Macropus eugenii) 
Spleen, lymph node, 
thymus, GALT, BALT  
3% H2O2, heat retrieval in Dako 
Target Retrieval Solution, 1:20 horse 
serum 20min, Ab 60min RT, 
Vectorstain ABC and DAB 
(-) No observed cross-reactivity Old, JM et al., 
2002;180 
CD68 Not reported, 
undiluted-1:50 
Tammar wallaby 
(Macropus eugenii) 
Spleen, lymph node, 
thymus, GALT, BALT  
3% H2O2, heat retrieval in Dako 
Target Retrieval Solution, 1:20 horse 
serum 20min, Ab 60min RT, 
Vectorstain ABC and DAB 
(-) No observed cross-reactivity Old, JM et al., 
2002;180 
J-chain Mouse monoclonal 
anti-brushtail 
possum J-chain 
(Ag Research), 
1:10-100,000 
Tammar wallaby 
(Macropus eugenii) 
Spleen, lymph node, 
thymus, GALT, BALT  
3% H2O2, heat retrieval in Dako 
Target Retrieval Solution, 1:20 horse 
serum 20min, Ab 60min RT, 
Vectorstain ABC and DAB 
(-) Non-specific staining of tissues Old, JM et al., 
2002;180 
TCR-alpha Mouse monoclonal 
anti-tammar 
wallaby TCR 
(Alpha Diagnostic 
International), 
1:10-1:1000 
Tammar wallaby 
(Macropus eugenii) 
Spleen, lymph node, 
thymus, GALT, BALT  
3% H2O2, heat retrieval in Dako 
Target Retrieval Solution, 1:20 horse 
serum 20min, Ab 60min RT, 
Vectorstain ABC and DAB 
(+) Thymus - limited cells (-) 
Splenic T cells areas 
Old, JM et al., 
2002;180 
CD3 Mouse monoclonal 
IgG1 anti-human 
CD3 (PC3/188), 
LRF 
Immunodiagnostics 
Unit, 1:500, 1:1000 
Brushtail possum 
(Trichosurus 
vulpecula), 
embryonic and full-
term 
Lymphoid and 
immunohaematopoietic 
tissues - MALT, GALT, 
spleen, lymph node, 
thymus 
3% H2O2, heat retrieval in Dako 
Target Retrieval Solution, 1:20 horse 
serum 20min, Ab 60min RT, 
Vectorstain ABC and DAB 
(-) No observed staining in any of 
the tissues assessed 
Old, JM et al., 
2003176 
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CD5 Mouse monoclonal 
IgG1 anti-human 
CD5 (CD5/54), 
LRF 
Immunodiagnostics 
Unit, 1:10, 1:50  
Brushtail possum 
(Trichosurus 
vulpecula), 
embryonic and full-
term 
Lymphoid and 
immunohaematopoietic 
tissues - MALT, GALT, 
spleen, lymph node, 
thymus 
3% H2O2, heat retrieval in Dako 
Target Retrieval Solution, 1:20 horse 
serum 20min, Ab 60min RT, 
Vectorstain ABC and DAB 
(-) No observed staining in any of 
the tissues assessed 
Old, JM et al., 
2003176 
CD79a Mouse monoclonal 
anti-human CD79a 
(mb-1), 1:10, 1:100 
Brushtail possum 
(Trichosurus 
vulpecula), 
embryonic and full-
term 
Lymphoid and 
immunohaematopoietic 
tissues - MALT, GALT, 
spleen, lymph node, 
thymus 
3% H2O2, heat retrieval in Dako 
Target Retrieval Solution, 1:20 horse 
serum 20min, Ab 60min RT, 
Vectorstain ABC and DAB 
(-) No observed staining in any of 
the tissues assessed 
Old, JM et al., 
2003176 
CD79b Mouse monoclonal 
anti-human CD79b 
(B29/123), 1:50, 
1:100 
Brushtail possum 
(Trichosurus 
vulpecula), 
embryonic and full-
term 
Lymphoid and 
immunohaematopoietic 
tissues - MALT, GALT, 
spleen, lymph node, 
thymus 
3% H2O2, heat retrieval in Dako 
Target Retrieval Solution, 1:20 horse 
serum 20min, Ab 60min RT, 
Vectorstain ABC and DAB 
(-) No observed staining in any of 
the tissues assessed 
Old, JM et al., 
2003176 
CD3 Rabbit polyclonal 
anti-human CD3 
(Dako), 1:500 
Mouse monoclonal 
anti-human CD3 
(LRF 
Immunodiagnostics 
Unit), 1:10 
Common wombat 
(Vombatus ursinus) 
Skin - sarcoptic 
mange, spleen, lymph 
node 
Bouin's fixation; paraffin and frozen 
sections; 0.3% H2O2; Envision, 
Dako; DAB 
(+) Expected T cell staining  Skerratt, LF, 
2003298 
CD5 Mouse monoclonal 
anti-human CD5 
(LRF 
Immunodiagnostics 
Unit), 1:500 
Common wombat 
(Vombatus ursinus) 
Skin - sarcoptic 
mange, spleen, lymph 
node 
Bouin's fixation; paraffin and frozen 
sections; 0.3% H2O2; Envision, 
Dako; DAB 
(+) Expected T cell staining  Skerratt, LF, 
2003298 
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HLA-DP, DQ, 
DR 
Mouse monoclonal 
anti-human HLA-
DP, DQ, DR (LRF 
Immunodiagnostics 
Unit), 1:100 
Common wombat 
(Vombatus ursinus) 
Skin - sarcoptic 
mange, spleen, lymph 
node 
Bouin's fixation; paraffin and frozen 
sections; 0.3% H2O2; Envision, 
Dako; DAB 
(+) Poor B cell staining Skerratt, LF, 
2003298 
CD79b Mouse monoclonal 
anti-human CD79b 
(LRF 
Immunodiagnostics 
Unit), 1:10  
Common wombat 
(Vombatus ursinus) 
Skin - sarcoptic 
mange, spleen, lymph 
node 
Bouin's fixation; paraffin and frozen 
sections; 0.3% H2O2; Envision, 
Dako; DAB 
(+) Expected B cell staining  Skerratt, LF, 
2003298 
IgG Rabbit polyclonal 
anti-koala IgG 
(Central Veterinary 
Laboratories) 
1:1000-1:20000 
Common wombat 
(Vombatus ursinus) 
skin - sarcoptic mange, 
spleen, lymph node 
Bouin's fixation; paraffin and frozen 
sections; 0.3% H2O2; Envision, 
Dako; DAB 
(-) No staining Skerratt, LF, 
2003298 
CD79a Mouse monoclonal 
anti-human CD79a 
(Dako), 1:10-1:100 
Common wombat 
(Vombatus ursinus) 
Skin - sarcoptic 
mange, spleen, lymph 
node 
Bouin's fixation; paraffin and frozen 
sections; 0.3% H2O2; Envision, 
Dako; DAB 
(-) No staining Skerratt, LF, 
2003298 
CD8 Mouse monoclonal 
anti-human CD8 
(LRF 
Immunodiagnostics 
Unit), 1:10-1:100 
Common wombat 
(Vombatus ursinus) 
Skin - sarcoptic 
mange, spleen, lymph 
node 
Bouin's fixation; paraffin and frozen 
sections; 0.3% H2O2; Envision, 
Dako; DAB 
(-) No staining Skerratt, LF, 
2003298 
CD68 Mouse monoclonal 
anti-human CD68 
(LRF 
Immunodiagnostics 
Unit), 1:10-1:100 
Common wombat 
(Vombatus ursinus) 
Skin - sarcoptic 
mange, spleen, lymph 
node 
Bouin's fixation; paraffin and frozen 
sections; 0.3% H2O2; Envision, 
Dako; DAB 
(-) No staining Skerratt, LF, 
2003298 
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BCL-2 Mouse monoclonal 
anti-human BCL-2 
(LRF 
Immunodiagnostics 
Unit), 1:10-1:100 
Common wombat 
(Vombatus ursinus) 
Skin - sarcoptic 
mange, spleen, lymph 
node 
Bouin's fixation; paraffin and frozen 
sections; 0.3% H2O2; Envision, 
Dako; DAB 
(-) No staining Skerratt, LF, 
2003298 
IL-4 Mouse monoclonal 
anti-bovine IL4 
(MCA1820, 
Serotec), 1:50-
1:800 
Koala 
(Phascolarctos 
cinereus), common 
brushtail possum 
(Trichosurus 
vulpecula), 
mountain brushtail 
possum 
(Trichosurus 
caninus) 
Lymph node (active), 
spleen, urogenital 
tissues containing 
lymphocytic infiltrates 
Snap-frozen and formalin fixed 
tissues examined; 
Immunoperoxidase/DAB (K0492, 
K3466, Dako) and alkaline 
phosphatase  (Silenus, Zymed) 
attempted; Ab 90min RT; HEIR and 
chemical antigen retrieval attempted  
(-) No observed staining in any of 
the tissues assessed 
Higgins, DP et 
al., 2004213 
IFN-γ Mouse monoclonal 
anti-bovine IFN-γ 
(MCA1783, 
Serotec), 1:50-
1:800 
Koala 
(Phascolarctos 
cinereus), common 
brushtail possum 
(Trichosurus 
vulpecula), 
mountain brushtail 
possum 
(Trichosurus 
caninus) 
Lymph node (active), 
spleen, urogenital 
tissues containing 
lymphocytic infiltrates 
Snap-frozen and formalin fixed 
tissues examined; 
Immunoperoxidase/DAB (K0492, 
K3466, Dako) and alkaline 
phosphatase  (Silenus, Zymed) 
attempted; Ab 90min RT; HEIR and 
chemical antigen retrieval attempted  
(-) No observed staining in any of 
the tissues assessed 
Higgins, DP et 
al., 2004213 
CD3 Mouse monoclonal 
IgG1 anti-human 
CD3 (PC3/188), 
LRF 
Immunodiagnostics 
Unit, 1:10, 1:50; 
Rabbit polyclonal 
anti-human CD3 
(A452), Dako, 
Stripe-faced 
dunnart 
(Sminthopsis 
macroura), less 
than 50 days 
Liver, bone marrow, 
thymus, spleen, lymph 
node, intestine, lung 
3% H2O2, heat retrieval in Dako 
Target Retrieval Solution, 1:20 horse 
serum 20min, Ab 60min RT, 
Vectorstain ABC and DAB, 
additional avidin/biotin blocking of 
intestine and liver samples. 
(+) Thymus - majority of cells from 
12 days, predominantly medullary; 
spleen - from 43 days, 
predominantly white pulp; lymph 
node - present in youngest sample 
of 50 days, mainly cortex with rare 
cells elsewhere; GALT - positive 
staining from 50 days, throughout 
villi and submucosa; BALT - 
Old, JM et al., 
2004299 
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CD3 1:500-1:1000 Stripe-faced 
dunnart 
(Sminthopsis 
macroura), less 
than 50 days 
Liver, bone marrow, 
thymus, spleen, lymph 
node, intestine, lung 
3% H2O2, heat retrieval in Dako 
Target Retrieval Solution, 1:20 horse 
serum 20min, Ab 60min RT, 
Vectorstain ABC and DAB, 
additional avidin/biotin blocking of 
intestine and liver samples. 
positive staining in small amount 
seen in 57 day sample; scattered 
parenchymal lymphocytes (-) No 
observed staining in liver or bone 
marrow samples 
Old, JM et al., 
2004299 
CD5 Mouse monoclonal 
IgG1 anti-human 
CD5 (CD5/54), 
LRF 
Immunodiagnostics 
Unit, 1:50, 1:100  
Stripe-faced 
dunnart 
(Sminthopsis 
macroura), less 
than 50 days 
Liver, bone marrow, 
thymus, spleen, lymph 
node, intestine, lung 
3% H2O2, heat retrieval in Dako 
Target Retrieval Solution, 1:20 horse 
serum 20min, Ab 60min RT, 
Vectorstain ABC and DAB, 
additional avidin/biotin blocking of 
intestine and liver samples. 
(+) Thymus - cells observed from 
50 days, predominantly medullary; 
spleen - from 2.5 months, 
predominantly white pulp; lymph 
node - cells from 15 days; present 
in sample of 50 days, mainly 
cortex with rare cells elsewhere; 
GALT - positive staining from day 
57 (same distribution by less 
marked than CD3); BALT - 
scattered parenchymal 
lymphocytes (-) No observed 
staining in liver or bone marrow 
samples 
Old, JM et al., 
2004299 
CD79b Mouse monoclonal 
IgG2b anti-human 
CD79b (B29/123), 
LRF 
Immunodiagnostics 
Unit, 1:50, 1:100  
Stripe-faced 
dunnart 
(Sminthopsis 
macroura), less 
than 50 days 
Liver, bone marrow, 
thymus, spleen, lymph 
node, intestine, lung 
3% H2O2, heat retrieval in Dako 
Target Retrieval Solution, 1:20 horse 
serum 20min, Ab 60min RT, 
Vectorstain ABC and DAB, 
additional avidin/biotin blocking of 
intestine and liver samples. 
(+) Thymus - rare cells in adults; 
spleen - few cells in red pulp from 
43 days; lymph node - scattered 
cells in mantle of secondary 
follicles; GALT - positive staining 
from 50 days, including primary 
follicle at 57 days and mantles of 
secondary follicles; extremely rare 
staining in villi; BALT - staining of 
early follicle in adult; scattered 
parenchymal lymphocytes (-) No 
observed staining in liver or bone 
marrow samples 
Old, JM et al., 
2004299 
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CD16 Mouse monoclonal 
anti-CD16 (Dako), 
1:20 
Tasmanian devil 
(Sarcophilus 
harrisii) 
DFTD tissues, multiple 
normal tissues 
HEIR, pH8, EDTA; Ab 60min (+) Control/normal tissues only Loh, R et al., 
200633 
CD57 Mouse monoclonal 
anti-CD57 
(Zymed), 1:100 
Tasmanian devil 
(Sarcophilus 
harrisii) 
DFTD tissues, multiple 
normal tissues 
HEIR, pH6.5 in sucrose/citric acid; 
Ab 60min 
(+) Control/normal tissues only Loh, R et al., 
200633 
Cytokeratin 
(AE1/AE3) 
Mouse monoclonal 
anti-CK (Dako), 
1:100 
Tasmanian devil 
(Sarcophilus 
harrisii) 
DFTD tissues, multiple 
normal tissues 
HEIR, pH9 in TES; Ab 10min (+) Control/normal tissues only Loh, R et al., 
200633 
Desmin Mouse monoclonal 
anti-desmin 
(Dako), 1:100 
Tasmanian devil 
(Sarcophilus 
harrisii) 
DFTD tissues, multiple 
normal tissues 
HEIR, pH6.5 in sucrose/citric acid; 
Ab 10min 
(+) Control/normal tissues only Loh, R et al., 
200633 
Epithelial 
membrane 
antigen 
Mouse monoclonal 
anti-EMA (Dako), 
1:100 
Tasmanian devil 
(Sarcophilus 
harrisii) 
DFTD tissues, multiple 
normal tissues 
Proteinase K; Ab 30min (+) Control/normal tissues only Loh, R et al., 
200633 
Leucocyte 
specific 
antigen 
Mouse monoclonal 
anti-LSP1 (Oxford), 
1:40 
Tasmanian devil 
(Sarcophilus 
harrisii) 
DFTD tissues, multiple 
normal tissues 
HEIR, pH6 in tris-sodium citrate; Ab 
60min 
(+) Control/normal tissues only Loh, R et al., 
200633 
Melan A Mouse monoclonal 
anti-melan A 
(Dako), 1:50 
Tasmanian devil 
(Sarcophilus 
harrisii) 
DFTD tissues, multiple 
normal tissues 
HEIR, pH6.5 in sucrose/citric acid; 
Ab 10min 
(+) Control/normal tissues; 28% of 
DFTD 
Loh, R et al., 
200633 
Neuron 
specific 
enolase 
Mouse monoclonal 
anti-NSE (Dako), 
1:250 
Tasmanian devil 
(Sarcophilus 
harrisii) 
DFTD tissues, multiple 
normal tissues 
HEIR, pH9 in TES; Ab 30min (+) Control/normal tissues; 100% 
of DFTD 
Loh, R et al., 
200633 
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Smooth 
muscle actin 
Mouse monoclonal 
anti-SMA (Dako), 
1:200 
Tasmanian devil 
(Sarcophilus 
harrisii) 
DFTD tissues, multiple 
normal tissues 
No pretreatment; Ab 10min (+) Control/normal tissues only Loh, R et al., 
200633 
Vimentin Mouse monoclonal 
anti-vimentin 
(Dako), 1:100 
Tasmanian devil 
(Sarcophilus 
harrisii) 
DFTD tissues, multiple 
normal tissues 
HEIR, pH9 in TES; Ab 10min (+) Control/normal tissues; 100% 
of DFTD 
Loh, R et al., 
200633 
CD3 Rabbit polyclonal 
anti-CD3 (Dako), 
1:150 
Tasmanian devil 
(Sarcophilus 
harrisii) 
DFTD tissues, multiple 
normal tissues 
HEIR, pH9 in TES; Ab 10min (+) Control/normal tissues only Loh, R et al., 
200633 
Chromogranin 
A 
Rabbit polyclonal 
anti-CgA (Dako), 
1:600 
Tasmanian devil 
(Sarcophilus 
harrisii) 
DFTD tissues, multiple 
normal tissues 
HEIR, pH9 in TES; Ab 30min (+) Control/normal tissues; 100% 
of DFTD 
Loh, R. et al., 
200633 
glial fibrillary 
acid protein 
Rabbit polyclonal 
anti-GFAP (Dako), 
1:2000 
Tasmanian devil 
(Sarcophilus 
harrisii) 
DFTD tissues, multiple 
normal tissues 
Proteinase K; Ab 15min (+) Control/normal tissues only Loh, R et al., 
200633 
S100 Rabbit polyclonal 
anti-S100 (Dako), 
1:250 
Tasmanian devil 
(Sarcophilus 
harrisii) 
DFTD tissues, multiple 
normal tissues 
HEIR, pH9 in TES; Ab 10min (+) Control/normal tissues; 85% of 
DFTD 
Loh, R et al., 
200633 
Synaptophysin Rabbit polyclonal 
anti-synaptophysin 
(Dako), 1:50 
Tasmanian devil 
(Sarcophilus 
harrisii) 
DFTD tissues, multiple 
normal tissues 
HEIR, pH9 in TES; Ab 30min (+) Control/normal tissues; 97% of 
DFTD 
Loh, R et al., 
200633 
von 
Willebrand 
factor 
Rabbit polyclonal 
anti-vWF (Dako), 
1:200 
Tasmanian devil 
(Sarcophilus 
harrisii) 
DFTD tissues, multiple 
normal tissues 
HEIR, pH6.5 in sucrose/citric acid; 
Ab 10min 
(+) Control/normal tissues only Loh, R et al., 
200633 
CD11d Not reported Tasmanian devil 
(Sarcophilus 
harrisii) 
DFTD tissues, multiple 
normal tissues 
Not reported (-) No observed staining in any of 
the tissues assessed 
Loh, R et al., 
200633 
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CD18 Not reported Tasmanian devil 
(Sarcophilus 
harrisii) 
DFTD tissues, multiple 
normal tissues 
Not reported (-) No observed staining in any of 
the tissues assessed 
Loh, R et al., 
200633 
CD20 Not reported Tasmanian devil 
(Sarcophilus 
harrisii) 
DFTD tissues, multiple 
normal tissues 
Not reported (-) No observed staining in any of 
the tissues assessed 
Loh, R et al., 
200633 
CD45 Not reported Tasmanian devil 
(Sarcophilus 
harrisii) 
DFTD tissues, multiple 
normal tissues 
Not reported (-) No observed staining in any of 
the tissues assessed 
Loh, R et al., 
200633 
CD45RA Not reported Tasmanian devil 
(Sarcophilus 
harrisii) 
DFTD tissues, multiple 
normal tissues 
Not reported (-) No observed staining in any of 
the tissues assessed 
Loh, R et al., 
200633 
CD79a Not reported Tasmanian devil 
(Sarcophilus 
harrisii) 
DFTD tissues, multiple 
normal tissues 
Not reported (-) No observed staining in any of 
the tissues assessed 
Loh, R et al., 
200633 
CD79b Not reported Tasmanian devil 
(Sarcophilus 
harrisii) 
DFTD tissues, multiple 
normal tissues 
Not reported (-) No observed staining in any of 
the tissues assessed 
Loh, R et al., 
200633 
MAC387 Not reported Tasmanian devil 
(Sarcophilus 
harrisii) 
DFTD tissues, multiple 
normal tissues 
Not reported (-) No observed staining in any of 
the tissues assessed 
Loh, R et al., 
200633 
CD3 Rabbit polyclonal 
anti-human CD3 
(A452), Dako, 
1:500-1:1000 
Red-tailed 
phascogale 
(Phascogale 
calura) 
Spleen 3% H2O2, heat retrieval in Dako 
Target Retrieval Solution, 1:20 horse 
serum 20min, Ab 60min RT, 
Vectorstain ABC and DAB 
(+) Similar T cell areas to other 
marsupial and eutherian species, 
including white pulp and 
periarterial lymphatic sheathes 
Old, JM et al., 
2006190 
MHC class II 
beta chain 
Mouse monoclonal 
anti-human HLA-
DR (Dako, M0775), 
1:50, 1:100 
Red-tailed 
phascogale 
(Phascogale 
calura) 
Spleen 3% H2O2, heat retrieval in Dako 
Target Retrieval Solution, 1:20 horse 
serum 20min, Ab 60min RT, 
Vectorstain ABC and DAB 
(+) Spleen - cells in white pulp and 
scattered cells in red pulp 
Old, JM et al., 
2006190 
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CD79a Mouse monoclonal 
anti-human CD79a 
(DBS), 1:100, 
1:1000 
Red-tailed 
phascogale 
(Phascogale 
calura) 
Spleen 3% H2O2, heat retrieval in Dako 
Target Retrieval Solution, 1:20 horse 
serum 20min, Ab 60min RT, 
Vectorstain ABC and DAB 
(-) No observed cross-reactivity Old, JM et al., 
2006190 
CD3 Rabbit polyclonal 
anti-human CD3 
(A0452), Dako, 
1:400-1:800 
Tasmanian devil 
(Sarcophilus 
harrisii) 
Adult - spleen, lymph 
node, thymus; pouch 
young - thymus 
LSAB kit - DakoCytomation K0690; 
DAB 
(+) Thymus - cortex and medulla; 
spleen - expected areas; lymph 
node - expected cells 
Kreiss, A et al., 
2009300 
CD79b  Rat monoclonal 
IgG2b anti-human 
CD79b (Serotec 
MCA2209), 1:200, 
1:500 
Tasmanian devil 
(Sarcophilus 
harrisii) 
Adult - spleen, lymph 
node, thymus; pouch 
young - thymus 
LSAB kit - DakoCytomation K0690; 
DAB 
(+) Thymus - few scattered cells in 
medulla; spleen - expected areas; 
lymph node - expected cells 
Kreiss, A et al., 
2009300 
MHCII Mouse monoclonal 
anti-human HLA-
DR (Dako, M0746), 
1:40, 1:100 
Tasmanian devil 
(Sarcophilus 
harrisii) 
Adult - spleen, lymph 
node, thymus; pouch 
young - thymus 
LSAB kit - DakoCytomation K0690; 
DAB 
(+) Thymus - few scattered cells in 
medulla and one area of one 
cortex; spleen - expected areas; 
lymph node - expected cells 
Kreiss, A et al., 
2009300 
CD8alpha 
(default 
negative 
double 
staining of 
CD4) 
Goat anti-tammar 
(1:100) and anti-
possum (1:50) 
CD8alpha, affinity 
purified 
Tammar wallaby 
(Macropus eugenii) 
Adult - spleen, lymph 
node; pouch young - 
thymus, spleen, lymph 
node, intestines 
Frozen sections; biotinated anti-goat 
or mouse/rabbit IgG; ABC 
(Vectorstain); 60min incubation 
(+) Expected T cell staining in 
thymus; both Ab reacted with 
more intense staining with the 
anti-tammar Ab 
Duncan, LG et 
al., 2012301 
CD3 Rabbit polyclonal 
anti-human, Dako 
A452, 1:1000 
Tammar wallaby 
(Macropus eugenii) 
Adult - spleen, lymph 
node; pouch young - 
thymus, spleen, lymph 
node, intestines 
Frozen sections; biotinated anti-goat 
or mouse/rabbit IgG; ABC 
(Vectorstain); 60min incubation 
(+) T cells at expected locations in 
lymphoid tissues 
Duncan, LG et 
al., 2012301 
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Appendix	  2.4.	  Preparation	  of	  tris-­buffered	  saline	  rinsing	  solution	  	  
Appendix 2.4. Preparation of tris-buffered saline rinsing solution 
Quantity Reagent 
13.9 g Trisbase (T1503*) 
60.60 g TrisHCl (T3253*) 
60 g NaCl 
5.0 mL Tween 20 
10 L Deionised water 
* Sigma-Aldrich Pty Ltd, Australia. 
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Appendix	  2.5.	  Details	  of	  additional	  reagents	  used	  for	  immunohistochemical	  staining	  
 
Appendix 2.5. Details of additional reagents used for immunohistochemical staining  
Name Manufacturer (Code) Dilutions (from 
supplied) 
Details 
LSAB+/HRP kit Dako, Denmark A/S (K0679) RTU (1:1) Labelled streptavidin biotin detection system for use 
with rabbit, mouse and goat primary antibodies302 
REAL Envision, Rabbit/Mouse Dako, Denmark A/S (K5007) RTU (1:1) Peroxidase detection system for use with rabbit and 
mouse primary antibodies207 
Target Retrieval Solution, pH9 Dako, Denmark A/S (S2368) 1:10 HIER solution 
Target Retrieval Solution, Citrate pH6 Dako, Denmark A/S (S2369) 1:10 HIER solution 
Proteinase K Dako, Denmark A/S (S3020) RTU (1:1) Enzymatic pretreatment 
RTU=ready to use; HIER=heat-induced epitope retrieval. 	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Appendix	  2.6.	  Outcomes	  of	  experimental	  N.	  caninum	  infection	  in	  S.	  crassicaudata	  	  
Appendix 2.6. Summary of experimental N. caninum infection in S. crassicaudata 
Dose and route Id Block Id Euthanasia PCR cELISA (%I) IHC staining 
104 N. caninum tachyzoites, i.p. A1 0941/10 28 dpi Neg.b Pos. (74%) Neg 
 A2 0942/10 28 dpi Neg.b Pos. (41%) Neg. 
 A3 0943/10 28 dpi Neg.b Neg. (8%) Neg. 
105 N. caninum tachyzoites, i.p. B11 1089/10 16 dpia Pos.c Pos. (43%) Pos. 
 B12 1090/10 18 dpia Pos.c Pos. (42%)f Pos. 
 B13 1091/10 18 dpia Pos.c Pos. (51%)f Pos. 
 B21 1440/10 13 dpia Pos.c Neg. (25%) Pos. 
 B22 1441/10 14 dpia Pos.c Pos. (51%) Pos. 
 B23 1442/10 13 dpia Pos.c Neg. (19%) Pos. 
20-40 N. caninum oocysts, p.o. E1 1151/10 46 dpi Neg.d Neg. (-4%) Pos.g 
 E2 1152/10 46 dpi Pos.e Neg. (4%)f Neg. 
aAnimal euthanised due to clinical neosporosis; bDNA isolated from brain, liver and lung tested; cDNA isolated from brain tested; dDNA isolated from brain, liver, spleen and lung tested; eDNA isolated from 
brain, liver, spleen and lung tested, positive PCR on brain; fSera diluted 1:5 due to limited amount of sera; gIHC positive N. caninum stages in spleen (all other organs tested N. caninum IHC negative). Table 
adapted from King JS et al., 2011.115 
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